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Abstract 
 
Research into the causes and consequences of climate change caused by change to atmospheric 
trace gas levels shows the relevance of these changes to human life. A model was developed to 
estimate the levels of carbon dioxide and methane throughout the earth. This data was used to 
predict ocean pH, and global temperature change. The model was used to demonstrate the 
efficacy of Mineral Carbon Sequestration as well as biodiesel as methods to mitigate the effects 
of increased gas concentrations. 
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Executive Summary 
 In the time that has passed since the dawn of the industrial age, humans have been 
deriving more and more of the energy from sources which emit carbon dioxide and other 
greenhouse gases when combusted. The rise in the levels of these greenhouse gases has been 
dramatic over this time, and the effects of such increases are expected to pronounce 
themselves over the next century. As human society increases its demand for energy, it seems 
that there is no end to the output of these potentially harmful gases.  
 This study delves into the aspects relating to greenhouse gas accumulation in the earth’s 
atmosphere. Consequences to increased greenhouse gases such as carbon dioxide and methane 
are outlined in the context of their influence on climate change.  Various aspects of plant 
physiology are analyzed to understand more clearly the plant role in the carbon cycle.  Factors 
such as ocean acidity, ecology and crop yields are taken into special consideration as well. 
Possible schemes for the mitigation of these problems are outlined in detail to provide an 
understanding of the features which influence the effectiveness of these strategies.  
 The Seven Reservoir model was used to simulate a model of the carbon dioxide flow 
throughout the earth. A similar model was used to evaluate methane concentrations. Changes 
in the anthropogenic input parameters for carbon dioxide levels were made in order to evaluate 
the potentials of the proposed mitigation schemes. The model was also used to calculate the 
ocean pH level, as well as radiative forcing data to provide temperature calculations for each 
simulation. 
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Introduction 
      Patterns of industrialization throughout the world in the last century and a half have 
changed the world in a way never before seen in history. Man has come to master the elements 
which make up the world. Feats of technological revolution have brought light, heat, food and 
water to the masses, with enough time left over to bring computers, plastics, cars, planes, and 
trips to the moon. These changes have shaped lives across the globe, and have had a profound 
effect on the planet as a whole. However, there are many reasons to believe that there will be 
consequences to such vast change.  
      Modern society has a very heavy energy demand due to the technologies which support 
daily life. Fossil fuels have been the standard fuel for more than a century, and the products 
formed by the use of these fuels have been linked to global anomalies in weather patterns. 
Carbon dioxide, methane, nitrous oxide, as well as other trace gases have been linked to these 
changes, and are all formed by the combustion of fossil fuels, and are known as greenhouse 
gases. Intense weather conditions such as rising temperature, drought, flooding, and sea level 
rise are correlated to increases in greenhouse gas levels. Concentrations of carbon dioxide also 
heavily influence factors in an ecological context, where changes can affect widespread 
ecosystems. 
      This study involves the analysis of the underlying causes and effects of increases to 
greenhouse gases, particularly carbon dioxide. Much information is presented concerning the 
likelihood of noticeable effects of such change to systems of the environment, climate and 
weather systems, as well as biological systems. Research was conducted into current methods 
proposed for the mitigation of carbon dioxide levels, including mineral and biological carbon 
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sequestration. Use of the seven reservoir model was employed to model the concentrations of 
carbon dioxide in the atmosphere and to analyze the effects of various methods in reducing the 
overall concentration of carbon dioxide.  Data from this model was used to calculate parameters 
such as ocean pH and mean global temperature rise and this data used to predict likely patterns 
for future events. Information from this study is useful in the study of anthropogenic climate 
change, especially in the context of carbon dioxide, and the information can be used to gain a 
clearer understanding of the problems and in judgment of subsequent solutions.  
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Background 
The roles of carbon dioxide as well as other greenhouse gases in worldwide changes are 
numerous. The primary concern is the specific heat capacity of carbon dioxide in comparison to 
other atmospheric gases. Carbon dioxide absorbs heat quicker and holds on to it longer than 
gases such as nitrogen. In fact, the role of carbon dioxide as a heat carrier is so important that 
the planet needs CO2 in order to maintain the warm temperatures suitable for life on the planet. 
The problem is that humans are displacing CO2 concentrations from equilibrium at a rate quicker 
than the planetary systems can re-equilibrate, and thus there has been a trend of warming 
closely correlated to rises in atmospheric CO2 levels. 
The physical factors which govern the retention of heat energy by greenhouse gases have to 
do with specific heat capacity and absorption properties. Greenhouse gases tend to absorb (and 
re-emit) energy in the infrared range. Infrared radiation is associated with heat and thus 
temperature. In the figure below, the various absorption spectra are shown for the common 
greenhouse gases in the atmosphere. Infrared radiation is in the range of about .75 microns up 
to a wavelength of about 10 microns (Goody, 1951). Figure 1, shown below, clearly shows how 
methane, nitrous oxide, water vapor, and carbon dioxide contribute to the absorption of 
infrared radiation in the atmosphere.  
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Oxygen and ozone, in contrast, absorb 
very little in the infrared range, but shows 
heavy absorption in the ultraviolet range. 
Oxygen therefore does not behave like a 
greenhouse gas. The focus of this report will 
primarily be on carbon dioxide, although the 
other greenhouse gases are taken into 
consideration for the model calculations. 
To understand what an extreme degree 
of effect the concentration of CO2 has on 
planetary temperature, it is useful to 
consider Earth’s sister planet Venus. Venus is 
the evil stepsister, where it rains sulfuric 
acid. The pressure on the surface of Venus is 
similar to what is experienced under a kilometer of Earth’s ocean. Venus is the epitome of 
greenhouse effect. The atmosphere on Venus is primarily carbon dioxide (97%), and because of 
this, Venus can claim the highest average surface temperature in the Solar System at 860ºF. 
Mercury, the planet closest to the sun, experiences about four times the solar radiance as 
Venus, yet the average temperature is only about 785ºF (Lewis, 2004). Clearly this case 
represents an extreme, just to outline an extreme consequence of CO2 concentration. However, 
carbon dioxide does play a critically important beneficial role in Earth’s atmosphere. Absent of 
the greenhouse effect, the average daytime temperature would be far below the freezing point 
of water (Cubasch, 2007). Clearly, the atmospheric carbon dioxide levels are delicate and have 
great consequences to Earth. 
Figure 1 - Absorption Spectra for Various Greenhouse Gases 
(Goody, 1951) 
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Climate Change 
Many studies have been carried out to correlate trends of greenhouse gases over the past 
century to changes in temperatures and other climate factors on Earth. Since the beginning of 
the industrial revolution, as global concentrations of greenhouse gases began to increase, there 
has been a rising trend in global temperatures. Rising temperatures are expected to affect global 
weather patterns in a multitude of ways.  
Human life and development is inextricably tied to the weather patterns on earth. Weather 
is a major factor behind agriculture, and thus bound to sources of food across the planet. Too 
little precipitation will result in devastating crop loss, and heavy storms can have similar 
consequences. Climate also encompasses factors which bring about storms and severe weather 
patterns (Schneider, 2000). Hurricanes bring millions of dollars in destruction and claim 
countless lives throughout the years. Hurricanes have been tied to warm waters and heavy 
evaporation trends and thus may be affected by factors which affect the climate. Another factor 
which can bring widespread change to large groups of people is related to the melting of glaciers 
and the subsequent change in sea level. Coastal and island regions are especially at risk for 
changes to such a delicate system. 
Water Vapor 
Increasing temperatures will have many effects on global climate. As temperatures increase, 
the amount of evaporation at the earth’s surface will increase. With increased temperatures 
also comes an increased saturation vapor pressure for the atmosphere. The saturation vapor 
pressure is a measure of the amount of water vapor that can fit into the atmosphere. An 
increase in this level causes an overall increase in the amount of water in the atmosphere, and 
this effect is further enhanced by continually increasing temperature, and thus evaporation 
rates (Soden, 2000).  The increased volume of water vapor in the atmosphere will have various 
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effects in relation to the climate. Water vapor has a high specific heat, and thus absorbs a large 
amount of heat. This absorption of heat acts to further increase the temperature (Soden, 2006). 
Further increases in temperature will act to increase the water vapor pressure only more. This is 
an example of one of many types of feedback phenomena that can materialize from changes to 
the climate. 
Another problem which stems from the increase in atmospheric water vapor more directly 
affects weather patterns. An increase in air humidity causes an increase in cloud formation. 
Clouds have a very important effect in climate change. In general, cloud cover reflects incoming 
radiation back into the direction it came from. This means that clouds can reflect heat back to 
the earth, as well as away from it. Short wave radiation, typical of solar emissions, tend to be 
reflected back into space, although a small amount of this radiation can make it through the 
clouds to earth. The earth emits its heat as longer infrared waves, which tend to reflect off 
clouds, back toward the earth.  
Different types of clouds have differing properties of reflectivity: in general, thicker clouds 
which are lower to the earth (cumulus or cumulonimbus) tend to reflect shortwave radiation 
well, so less radiation gets to the 
surface from the sun (NASA Earth 
Observatory, 2010). These clouds are 
also very close to the earth’s surface (2-
3km) so they allow a fair deal of the 
infrared radiation emitted by earth to 
reach space again. Therefore, thicker, 
lower clouds tend to have less of an 
Figure 2 - Cloud Types (Airline World, 2008) 
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effect on the reinforcement of warming trends than thinner, higher clouds. These thinner clouds 
of high altitude (cirrus or stratus clouds) tend to be nearly transparent, and thus have a lower 
albedo than the thicker varieties of clouds. The albedo is the measure of reflectivity, and a low 
albedo means that very little radiation is reflected. Since these clouds are very high in altitude 
(8km), they reflect a majority of earth’s infrared radiation back to earth. Thus, cirrus or stratus 
clouds tend to positively reinforce warming trends. There is uncertainty about how temperature 
trends will affect cloud seeding and formation, so it is a complex issue to determine whether 
cloud cover will enhance or negate temperature effects. Studies have been done incorporating 
known data, and the results indicate that cloud cover will likely positively reinforce warming 
effects (Soden 2006).  
Sea Ice  
Another issue with rising temperatures is deeply intertwined into the earth’s glaciers and ice 
deposits. This sea ice holds an extremely large volume of water covering a vast expanse of land. 
Approximately 25 million km of earth’s surface are covered with sea ice, which is an area twice 
the size of Canada (Cazenave, 2008). All of this ice is wrapped up into many of earth’s delicate 
systems, such as ocean current flow, and ocean salinity, as well as factors such as sea level. Sea 
ice also is responsible for a large part of the reflection of 
solar radiation from the earth’s surface. Sea water has a 
much lower albedo than ice, and thus as more sea ice 
melts, more heat will be absorbed by the earth.  
This is a positively reinforcing feedback loop, only 
furthering the extent of change. As shown in the figure, 
arctic sea ice extent has shown a decreasing trend, and 
Figure 3 - September Sea Ice Extent 1979-2009 
(NSIDC, 2009) 
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this trend is expected to continue on into the future. As sea ice melts, more and more water is 
deposited into the ocean. Since such a large volume of water is available in the ice, the effects of 
such large changes in sea ice cover have been taken into wide consideration. Sea level change 
can also be ascribed to the thermal expansion that the water in the ocean undergoes as it is 
warmed. Sea level change has been well documented in the recent history, and data shows an 
increase of about 3.4 +/- 0.4 millimeters per year over the years 1993-2008 (Cazenave, 2008). 
The same data set from the years 1958-2008 shows an average of 1.7 mm/year.  Sea level rise 
will have vast impacts on coastal and island populations, as even a rise of only several 
centimeters would have devastating impacts on areas affected by tides and storm surges. The 
IPCC estimates that by the year 2100, the sea level will rise 59cm above current rates. The GRID-
Arendal estimates that a one meter increase in sea levels has the potential to displace 145 
million people over an area of 2.23 million km (GRID-A/UNEP, 2009).  
Ocean Storms 
 Temperature effects on weather can be severe, and there has been a noted increase in the 
intensity of oceanic storms as correlated to increasing CO2 concentration. Cyclonic storms such 
as hurricanes are driven by warm oceans, where they are known to occur in the summer and fall 
months. Hurricanes are powered by warm, moist air which evaporates over the ocean. As CO2 
concentration increases and therefore as oceanic temperatures increase, more energy will be 
available for these storms and their intensities will increase (UCAR, 2008). Over the past decade, 
the US has experienced terrible hurricanes such as Katrina, which devastated New Orleans. 
Certainly an increase in the destructive capacity of storms that can affect billions in damages is 
something to be considered carefully. 
Although there is still no unanimous consensus, many scientists believe that climate change 
is linked to increases in the intensity and frequency of devastating ocean storms such as 
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hurricanes and cyclones.  Studies have shown that there is an increasing trend among the power 
emitted by these storms (Emanuel, 2005). The costs associated with the damage and loss caused 
by these massive storms is a strain on local, as well as regional economies.  
Ocean Acidification 
A major effect of carbon dioxide on ecosystems has to do with the ocean. The ocean 
dissolves gases into solution, so an increase in atmospheric CO2 levels leads to an increase in 
ocean CO2 concentration, and this process is actually an extremely effective natural sink for CO2 
in the carbon cycle. In water, carbon dioxide exists as carbonic acid or some salt (usually the 
calcium salt) of carbonate CO3
-2, which acidifies the ocean at a rate related to CO2 in the liquid. 
Studies show that at a concentration of CO2 as low as 450ppm would acidify the ocean enough 
to affect ocean organisms (Schubert, 2008). This net acidification has been observed to 
negatively impact a group of organisms known as calcifying organisms. Calcifying organisms 
absorb carbonate ions in order to construct calcium carbonate, which is used to construct coral 
structures. As acidity increases, these calcium carbonate structures are prone to dissolution 
(McNeil, 2008). Calcifying organisms span the ocean food chain, including many crustaceans and 
a vast number of coral species. These species, which includes planktonic algae, make up a large 
part of the ocean food chain, so ocean acidity could easily widely affect ocean ecosystems. 
The ocean ecosystem represents a huge part of earth’s natural carbon cycle. The ocean is 
the largest natural sink for carbon dioxide, and the marine biosphere is an important part of this 
sink. The effects to the acid-base equilibrium of systems are an important factor for 
consideration when judging the impacts of greenhouse gas changes to earth. Since calcifying 
organisms sequester carbon dioxide naturally into a stable form, stored in the ocean where it 
does not affect the atmosphere, should these organisms be affected, there could be serious 
consequences to the carbon system. If the acidity of the ocean increases too much, the calcified 
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carbonaceous minerals will be easier to dissolve into the water, and thus may release carbon 
dioxide into the system, further acidifying the water. This is yet another example of the 
possibility of feedback effects. 
Biological Effects 
While the physical and meteorological effects of temperature increase may be vast in 
consequences, changes in CO2 concentration in the context of biological systems must be 
examined as well. The biological consequences of increased CO2 concentration in the carbon 
cycle, which is a cycle that all life on earth depends on, must be examined, specifically with 
regard to plant physiology. Plants, and simpler photosynthetic organisms like algaes and 
phytobacteria, are the root of energy intake into all biological systems on earth. Without plants 
and plant-like bacteria, there would be no people, certainly no life as we recognize it. Plants 
intake CO2 and affix it biochemically, activated by using photons of light energy from the sun. 
They use the process to create sugars, and thus store energy. The activity of CO2 concentration 
on plant physiology, specifically photosynthesis, must be examined closely. 
Plant Physiology 
In order to understand the effect of CO2 concentration on plant biochemistry, one must 
understand the mechanisms behind how plants deal with carbon dioxide. In general, there are 3 
types of plants when it comes to photosynthesis. Two kinds of plants, C4 (such as grasses and 
sugarcane) and CAM plants (such as pineapples), have evolved to process carbon dioxide in low 
concentrations, as these kinds of plants evolve in hotter areas (Mohr, 1995). Hot areas increase 
transpiration of water from plants, and plants must develop strategies to conserve water. C4 
and CAM plants have evolved so that the plant may open its stomatal pores (which the plant 
uses to allow free flowing of gases from the leaves) at a minimum degree, because transpiration 
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is greatest when these pores are open. As a consequence, there is little benefit to 
photosynthesis as a result of increased CO2 concentration. The exception is in areas of water 
stress, C4 plants will benefit slightly. 
The other main classification of plants is C3 plants, such as trees and most plants in 
Northern America, which are called such because they process CO2 into 3 carbon building 
blocks, whereas C4 and CAM plants use 4 carbon building blocks. C3 plants are adapted to deal 
with lower temperatures, and higher carbon dioxide concentrations. For C3 plants, studies have 
shown that for duration of time, when CO2 concentration is increased, photosynthetic yield 
increases as well (Salisbury, 1991). The effect wears off after a duration of time, which depends 
on the plant, but the effect of enhanced photosynthetic yield is enhanced growth relating to 
enhanced carbon intake. The plant adjusts to these high levels by producing more starches, 
storing the excess energy which is available.  
This effect seems desirable—bigger plants with more energy, which intake carbon at a faster 
rate. Because of this effect, one may wish to investigate the enhancement of carbon sink activity 
by natural effects. However, many plants undergo starch suffocation as they accumulate more 
starch in their shoots, there is a disruption of transport systems and the plant may be reduced in 
growth capacity, as well as other problems for the plant. To sum up, it is unlikely that any clear 
benefit will arise to plant photosynthesis resulting from increased carbon dioxide, as most plants 
behave in different ways. It is likely that the primary effects will be to alter the relative 
populations of the individual species of plants, and thus secondarily affect individual 
ecosystems.  
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Ecology 
Various parts of the world will be affected as increased carbon dioxide concentration takes 
hold on the world’s ecosystem. It is useful to examine the differences in the ways various 
ecosystems will respond to this change in order to better understand the effects since no 
general trend can be concluded from plant to plant. A better understanding can be extrapolated 
when the focus is narrowed to the scope of individual ecosystems, since the diversity is specific 
to ecologic niche. One of the most strenuous adjustments that will have to be accounted for is 
the difference in effect from place to place, especially in the context of economic geographic 
diversity. In order to plan for the possible changes, and to better gauge benefits of the solutions 
to growing problems, geographic considerations must be considered. In general, because plants 
both are the natural source of intake of carbon dioxide into the carbon cycle, and they 
constitute the root of all ecosystems, it is in the context of plants and plant physiology that the 
effects of carbon dioxide are examined. 
Arctic Tundra 
The arctic tundra is well known as a rather unstable ecosystem. The soil is very unique, 
known as permafrost, in which the low average temperatures keep a mixture of soil and water 
frozen year round. Because of permafrost, the layer of soil which can support vegetation is 
narrow: almost all of the root activity is found in the top 10cm. Thus 90% of CO2 release, which 
evolves from the roots in the soil, is dependent on this top layer above the permafrost. Another 
consequence of the permafrost is a large quantity of matter normally unavailable for 
decomposition (Bazzaz, 1990). Investigating the effect of increased carbon dioxide 
concentration is important because many factors affect the delicate balance of the soil in the 
arctic tundra, specifically related to temperature. 
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There are a wide range of variables that need to be considered when analyzing the net 
effect of carbon dioxide increase in an ecosystem, especially a delicate one such as the tundra. 
The effects of high CO2 concentrations in various parts of arctic ecosystems have been 
investigated by Billing et al for many aspects. It was concluded that increasing summer 
temperature in the arctic tundra by 4ºC would have the eventual impact of decreasing the CO2 
uptake by half (Billings, 1982). This would certainly have an impact on the net potential for the 
arctic ecosystem to sequester carbon into the carbon cycle naturally. Temperature has a 
multidimensional effect on aspects of this ecosystem, especially when related to CO2 levels. The 
growing season is increased by the thaw, which leads to an increase in available decomposable 
material, as well as net decomposition—an increase in decomposition results in an increase in 
CO2 release, which continually increases the problem. In years past, the tundra has acted to help 
store carbon as peat, frozen and unavailable to the carbon cycle. Signs suggest that as carbon 
dioxide, and inevitably temperature, increase, the capacity for the tundra to be an overall (and 
important) sink for carbon in nature will be diminished. This is a typical trend of environmental 
effects when relating to CO2 levels and thus temperature effects. Feedback loops tend to 
augment the problems of climatic change.  
There do seem to be some beneficial effects, especially when related to the short term 
effects on plants. These effects should be examined with special consideration. Another effect 
of an increased growing season is an increase in CO2 uptake by plants. This is an effect favorable 
to reducing carbon dioxide concentrations. Transpiration increases, which results in an increase 
in available water vapor, which tends to warm, and further augment plant growth and CO2 
uptake. However, as these effects are desirable and even beneficial in the short term, as 
temperature increases, permafrost melts, and the water table recedes as the supporting 
permafrost soil deteriorates. As the water table recedes, there is a net decrease in 
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photosynthesis, leading to a decrease in ecological productivity in all levels. This naturally leads 
in a reduction in carbon intake by the tundra system. Reinforcing parameters enforce the 
consequences of the initial problems, and thus “would convert the wet tundra ecosystem from a 
CO2 sink to a CO2 source” (Bazzaz, 1990). So rising CO2 concentrations would lead to a negative 
overall effect on the ecological systems of the arctic, resulting in positively reinforcing feedback 
loops which would serve to increase the severity of the initial problems. 
Although the news seems rather grim for the tundra ecosystem, the question often 
pondered by man is can it be fixed? The arctic tundra is a unique environment which carries a 
multitude of limiting factors which affect the means plant survival. Amongst the studies carried 
out by Billings and his group, was a very interesting study on the direct effect of nitrogen, as well 
as other nutrients typically deficient in the tundra, on photosynthetic capacity. If nitrogen levels 
in the soil are increased (by adding ammonium nitrate fertilizers), photosynthetic capacity can 
increase even more with increased carbon dioxide concentration (Billings, 1983). While the 
layout of the tundra evolves, as long as plants are given the nutrients needed to survive, the 
strains will likely not overwhelm the entire ecosystem. So indeed there remains a delicate 
balance that must be studied in order to gauge the long-term effects of carbon dioxide increase. 
Temperate Forests 
Temperate forests, which represent an extensive portion of forest ecosystems, are an 
extensive source of intake for the carbon cycle. Studies have suggested that impacts on 
temperate forests may be complex and difficult to predict in a general way, but the 
consequences of the inevitable changes must be examined.  Williams et al. have shown through 
extensive studies that the significant effects of the deciduous forest ecosystem to be dependent 
on altitude. Upland plants, species which grow at higher altitudes, appear to realize an increase 
in biomass as carbon dioxide concentration increases. Lowland plants, on the other hand, suffer 
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a diminished photosynthetic capacity, which leads to a reduction in biomass and carbon intake. 
This makes sense as upland plants would evolve to adapt to lower concentrations of CO2, and as 
CO2 is likely in limitation at higher altitudes, plants in these areas would undergo an increase in 
productivity with carbon dioxide increase. Insect herbivores in the area would likely be affected 
as CO2 increases because many trees in these deciduous forests would exhibit nitrogen 
deficiencies. Insect herbivores in forest areas have a highly adapted diet to meet their 
nutritional requirements, and nitrogen deficient plants would place a strain on these base-level 
food-chain organisms. 
These kinds of shifts put strain upon the delicate balance of the ecosystems as they have 
evolved slowly over the millennia. As the system attempts to re-attain equilibrium, it is to be 
expected that the pressures will affect the outcome of selective pressures, and lead to a shift in 
biodiversity. As many of the effects would leave baser components of the food chain under 
strain, the effects would permeate throughout. As the natural systems readjust, many factors 
influence the outcomes.  
Crop Yields 
One of the most delicate ways in which climate change will exert its influences is among the 
ecosystem as a whole. Since there are such a multitude of microcosms which are each affected 
in different ways, the various effects in the context of human life must be studied. The 
ecological factors which most greatly impose an effect on human life have to do with 
agriculture. Agriculture supports a wide proportion of human life, and factors which influence 
the efficacy of agriculture need to be studied.  
There are only a handful of crops that support a substantial percentage of human 
populations. These staple crops are necessary for human society because they can be stored 
throughout the year, and are thus easily transported. Staple crops consist of cereals such as 
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wheat, maize, and rice, as well as plants such as potatoes, barley, and soy beans. These crops 
constitute a huge volume of human crop use, constituting about 2,102 million metric tons of 
world production volume from 2007-2008 according to the US Department of Agriculture 
(WAOB, 2010). The total crop yield for the same year is recorded at   2,462 million metric tons, 
which corresponds to a 17% excess over the total use for the year. The crop yield is based on 
many factors which have been discussed in the above sections about ecology and plants, but 
perhaps the most important factors are temperature and carbon dioxide level.  As the 
temperature increases, many crops suffer drastic reductions in yields, although some crops 
flourish. A similar trend is noted with carbon dioxide levels: certain plants are prone to negative 
consequences of increased carbon dioxide concentration, while some species flourish. Factors 
which also must be considered include rainfall, which also varies in regard to geography. In 
order to estimate the impacts of possible changes in crop yields to human society, these factors 
must all be considered.  
Crop Shortages 
Although there is a worldwide surplus, geographic and social factors sway the spread of this 
excess such that there are vast regions of malnourished peoples as well as areas of surplus so 
great it threatens economic demand. This gradient of agricultural wealth in the world is such 
that a large percentage of the human population is considered to be undernourished. 
Undernourished, as defined by the FAO, is a state of malnutrition in which a person is not 
receiving the number of calories needed for a person to perform light physical activity and stay 
in good health (FAOSTAT, 2009). According to FAO data, approximately 12% of the world 
population was considered undernourished between 2003 and 2005. This constitutes 
approximately 848 million people.  
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It is clear at first calculation that there must be some disparity of this agricultural wealth, as 12% 
of the population is undernourished in a state of 17% excess of production. This disparity is due 
to many socio-economic factors, and typically regionalized in disproportions. The figure below is 
illustrative (FAOSTAT, 2009). The graph highlights regions by the ratio of undernourished people 
to total population.  
Figure 4 - Undernourished Population Map (FAOSTAT, 2009) 
 
Clearly there are several notably large regions concentrated in Africa, South America, and 
Asia where there seem to be the highest concentrations of undernourished people. These 
regions would be at particular risk in the event of drastic food shortages, since food is scarcer in 
these regions anyway. These areas would require the most adaptive changes in the event of 
large reductions in crop yields for any reason, specifically in the event of climate change. Studies 
have shown that estimate the impacts that many of these impoverished regions might suffer in 
the event of crop shortages. The simulation was run to show the various yields of staple crops in 
regions classified as undernourished and how they might be affected by 2030 based on current 
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climate trends (Lobell, 2008). The data can be used to prioritize impact zones based on needs, as 
estimates will allow for better preparation tactics. The study estimates that among the areas 
which will feel the influence of climate change on crop yields with most severity are Southern 
Asia and Southern Africa, which “without sufficient adaptation measures, will likely suffer 
negative impacts on several crops that are important to large food-insecure human 
populations.” (Lobell, 2008). The data from the simulations was used to create a rating system 
to judge which crops by region were most at risk for possible changes. The HIR (Hunger 
Importance Rating) is calculated for each projection by evaluating the undernourished 
population weighted proportionately to the crop’s contribution to the population by average 
caloric intake.  The “more important” crops are ranked between 1 and 30, the “important” crops 
31-60, and the “less important” are 61-94. This allows for a side-by-side comparison of crops 
and the risk they present upon failure. This data, presented below, illustrates the diversity of 
possible outcomes there are for change, and is useful when considering how to mitigate 
potential future problems.  
Table 1 - Crop Priority List (Lobell, 2008) 
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Crops in the C05 section showed a potential for a 10% reduction in yields in at least 5% of 
the simulations run.  Crops with the C50 criterion showed a 5% reduction in at least half of the 
simulations run. The C95 criterion indicates simulations where 95% of the models showed some 
crop loss. This table shows clearly the potential risks that many regions could face in the future.  
Many staple-food crops have been shown through these simulations to be at risk for negative 
factors related to climate change. All of the crops that fall into the C95 criterion should be of 
concern in the years to come, as they show a very likely possibility of yield deficits.  
Temperature Affects Crop Yields 
In light of the studies elucidated above, it is important to understand the importance of the 
results. There are many reputable papers which have been published that establish the probable 
link between diminished crop yields and increased temperature. In the scope of the model 
presented by this project, the data may be used to roughly assess the possible effects of 
increased temperature and carbon dioxide on the yields of crops.  Many studies have revealed 
this recurring link between diminishing crop yields and temperature. It has been shown that 
wheat crops underwent a 3-5% reduction in yield per degree Celsius increase above average 
(Gibson, 1999).  This is consistent with historical findings; a study which correlates historical 
temperature and precipitation data to crop yield information shows consistent findings over the 
past half century (Lobell, 2007). The data, shown below, indicates that for the six most 
harvested crops there is evidence of decreasing yields due to temperature and precipitation 
patterns since 1961.  
Table 2 - Crop Yields (Gibson, 1999) 
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The data shows an impact between 5% and 10% per degree Celsius for every crop except 
rice and soybeans, which show only 0.6% and 1.3% diminishment respectively. This data can be 
used to estimate the possible change in crop yields based on temperature data to a reasonable 
degree.  Plants are especially sensitive to temperature because its ubiquity in affecting other 
environmental factors. For example, crop yields tend to be diminished as soil dries, and 
increased temperature causes an increase in dry soils. Another factor which temperature weighs 
upon is the pollinators which the plants depend on for their reproductive cycles. Pollinating 
creatures are mostly insects on which the plants depend to transfer genetic material for 
reproduction. Pollinators are sensitive to environmental changes such as precipitation and 
temperature, and it has been shown historically that pollinator population is related to crop 
yield (Garibaldi, 2009) for many crops. The data shows that some crops are especially sensitive 
and show up to a 65% yield decrease without pollinators. 
Carbon Dioxide May Bolster Crop Yields 
While all of this seems like unfortunate news for the future of people, there is the possibility 
that another factor will vastly outweigh the problems associated with temperature increase and 
crop yields. Carbon dioxide, as discussed in the section concerning plant physiology, has the 
effect of fertilizing plant growth in many species, mostly plants with a C3 metabolism. Plants 
such as wheat, soybeans, and rice are C3 plants, and thus would be expected to experience an 
increase in photosynthesis and photosynthetic activity.  C4 plants, such as maize, are not 
expected to benefit to the same degree, if at all. There has been much research into the 
relationship between carbon dioxide levels and crop yields.  There has been much data compiled 
on the subject, and it seems that many plants will receive a large benefit to their biomass and 
yield from an increase in atmospheric CO2 concentration (Long, 2006). The data is organized on 
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the table shown here, 
showing crop yields 
from various studies 
under an elevated 
carbon dioxide 
concentration of 
550ppm.  
This corresponds to an approximate 40% increase in today’s CO2 levels (Keeling, 2005). The data 
shows an unmistakable increase in the crop yields across the board, and although the data 
varies from study to study by a few percent, the data shows a significant increase in yields, 
enough so to potentially negate the negative temperature effects.  
Potential for Error 
The sources of the data collected to make the predictions about crop yields should be 
analyzed thoroughly in order to estimate the possibility for error within the estimations. The 
crop yield models are built upon many assumptions and various data correlations which all 
contain some amount of inherent error. In order to stifle systemic errors that can arise from 
creating these complex systems, careful attention is paid to the statistical methodology. It is for 
this reason that the data presented in the Lobell et al. article (Lobell, 2008) is presented in such 
a statistical manner, where ranges of chance are recorded for model simulations. The models 
are run countless times with subtle variances in input parameters such that a range of possible 
outcomes is explored.  It is an especially difficult task when attempting to model the risk 
involved with a situation, especially such a delicate and intricate system such as agricultural 
cycles. It is a common expression to hear that one should “hope for the best, but plan for the 
worst” which is especially relevant in discussions about modeling future climates. It is hard to 
Table 3 - Crop Yield Increases from CO2 increase (Long, 2006) 
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know what will happen definitively from any of these experiments.  However, analyzing the 
trends and careful evaluation of the importance and relevance of the data gained allows for a 
better understanding of what can and should be done in mitigating these potential problems. In 
the assessment of any mitigation strategy, there needs to be some assessment of the risks 
involved.  
The data related to increased carbon dioxide concentration and crop yields was collected 
from sources who experimented on cultivated plants in a laboratory or greenhouse setting, as it 
is exceedingly difficult to control the gas concentrations in vivo without some kind of enclosure. 
Since crop yields are based on a huge number of factors other than carbon dioxide 
concentration, in the wild, plants would not be expected to perform this well. In nature, there is 
often many other limiting factors to plant growth, such as available sunlight, nutrients, and 
water. Plants grown in laboratory or greenhouse settings are generally not limited by any such 
factors and grow much better and thus produce much higher yields than the same plants in wild 
conditions (Salisbury, 1991). Although it should nevertheless be noted that there is a potential 
that crop yield estimates may be overly pessimistic when the change in carbon dioxide 
concentration isn’t taken into consideration.  Certainly there is a possibility that negative 
consequences from temperature increase may be counteracted by the benefits of CO2 increase, 
but there is much less reliable data to estimate real world conditions for plant yield based solely 
on CO2 concentration.  
The possibility of change weighs harder upon the world all the time, and it is important to 
gather as much information as possible about the potential outcomes. As they are concerning 
human life, these problems represent influence in important aspects of the human experience. 
Certainly to plan for the future responsibly, possible changes to something as critical as the food 
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supply should be carefully analyzed. The risks and consequences must be well understood to 
enact an effective planning strategy. 
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Mitigation of Problems 
Carbon Sequestration 
In order to dampen the wide range of global effects that are inevitable with increasing CO2 
concentration, an obvious solution presents itself. Take the carbon dioxide back out of the air so 
that it cannot affect its global consequences. This process is known as carbon sequestration and 
comes in a multitude of forms.  
Chemical sequestration is a promising method which involves semi-permanently 
sequestering carbon dioxide in the form of carbonate salts. Reacting CO2 with CaO or MgO yields 
the corresponding carbonate salt, CaCO3 and MgCO3, respectively. This reaction is exothermic, 
and happens naturally. What is especially interesting about the reagents CaO and MgO is that 
“the materials are abundant” (Herzog, 2002). It is possible for people to use this process to store 
CO2 safely away from the atmosphere in a relatively permanent way with little chance of 
leakage. The carbonate salts can be easily transported, and they are not dangerous or toxic. 
Large volumes of carbonate salts could easily be stored in abandoned mines to sequester the 
carbon away from the natural circulation.  
In order for chemical sequestration to be a viable option to aid in the reduction of carbon 
dioxide concentrations, it must be cost effective such that there is an economic benefit to the 
method. The abundance of the metal oxides CaO and MgO, required for the reaction, help make 
this option viable. CaO exists in the earth’s crust mostly in the form of calcium silicates, which 
theoretically represent a total of 4.90% of the mass of the earth’s crust. MgO exists mostly as 
the form of magnesium silicates, making up theoretically 4.36% of the earth’s crust. When 
treated, these silicate minerals can react with water and CO2 to form the corresponding 
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carbonate salt, which can be separated and stored away easily. There is a heat input required 
for the reactions to occur at a rate useful for sequestration, and thus the cost is approximated at 
about $70/ton CO2 sequestered if laboratory conditions are met in scale up (Herzog, 2002).  
Large scale mining operations would be required in order to supply the reactants needed to 
undergo the carbon sequestration in this method (Gerdemann, 2003). 
 Reaction Kinetics 
Since a significant investment must be undertaken in order that this method of 
sequestration become possible, it is important to analyze as much data as possible related to 
the process. Significant data can be extrapolated through the study of the kinetic information 
related to these reactions. Since such a variety of minerals exist naturally in varying degrees, 
studies have been done to examine the specific kinetic aspects of each method in the context of 
carbonate formation for carbon sequestration. In general, the factors which influence the kinetic 
aspects of a chemical reaction involve the factors which affect two molecules and their ability to 
collide. For a chemical reaction to occur, the two (or more) reactants must physically interact in 
a state which contains enough energy for the reactants to overcome the energetic barrier 
restraining them (Connors, 1990). The energy barrier represents the difference in the chemical 
potentials of each molecule in the transition state between the reactants and the product. In 
the case of mineral carbonation, the reactants are the mineral which will become carbonated 
(which will be referred to as the substrate) and the carbon dioxide (which will be referred to as 
the reactant). In this case, the carbon dioxide needs to come into physical contact with the 
mineral at a high enough energy to affect the reaction to form the mineral carbonate (the 
product). 
For reactions of the type considered in mineral carbonation sequestration, the factors which 
influence the rate, and thus efficacy, of the process, can be easily outlined. General chemistry 
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tells of the factors which affect gas-surface reaction kinetics, and they are naturally quite logical. 
Factors such as temperature, which increases collision rate among molecules, increase rate of 
reaction. The pressure of carbon dioxide will proportionately affect reaction rate as well, as 
higher pressures also result in greater collision density. Substrate particle size is important, since 
minerals are often obtained in rocky deposits which are rather heterogeneous in structure. As 
the substrate particle size decreases, available collision sites for reactant and substrate increase, 
and reaction rate increases. The reaction rate for the carbon dioxide-mineral reaction should 
ideally be first order with respect to the concentration of each the substrate and the reactant, 
therefore the rate equation takes the form of r = k[CO2][mineral silicate] where k is the rate 
constant, r is the rate, and the brackets indicate effective concentration, which proportionate to 
the measure of the possible collisions between substrate and reactant (Pilling, 1995). Since the 
reactions are typically carried out under a pressurized aqueous medium, concentrations are 
typically a measure of molar (M) which is mols per liter. When conducting kinetic studies, this 
equation is used to determine the overall velocity of reaction. This differential equation can be 
solved to estimate the total amounts of product which will be formed over a given time. The 
form above is the most general form possible to suit the rate equation for this type of reaction. 
For every aqueous reaction, intermediates can evolve from multiple equilibrium steps 
coexisting. When carbon dioxide is pressurized into aqueous media, there exists equilibrium of 
bicarbonate (HCO3-). It is theorized that the bicarbonate ion hydrolyzes the silicate ions which 
result in the carbonate salt storage of carbon dioxide, so the [CO2] term of the above rate 
equation takes a different form as aqueous reaction conditions are imposed (Garrison, 2004).  
Kinetic studies help to elucidate the most efficacious reaction conditions to achieve the 
sequestration. 
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Substrate Comparison 
Since so many types of minerals can be mined naturally to perform the task of carbon 
sequestration, it is worthwhile to examine the specific kinetic capacities amongst the family of 
substrates. The energy consumption for each method of carbonation is related to the kinetic 
capacities of each substrate, and since there is required a certain energy input for all such 
operations involved in mineral carbonation, evaluation of the efficacy of each substrate 
independently is necessary. Studies by Gerdemann et al. reveal insights into the behavior of 
substrates in the context of kinetics. For the majority of the study, as well as other studies in the 
topic, the center of focus is minerals such as serpentine and olivine (and to a lesser extend 
wolastinine), which are abundant and well known to contain the magnesium and calcium 
silicates necessary for the carbonation procedure (Huijgen, 2007).  
Optimizing Conditions 
Various parameters were adjusted in order to explore for the optimum conditions for large-
scale sequestration by mineral carbonation. Gerdemann’s experiments were conducted in a 
“buffering” solution of 0.64M NaHCO3 with 1M NaCl. The effects of this buffering solution have 
been explored previously and it is hypothesized that the reaction is driven forward by the 
hydrolysis of the silicate by the bicarbonate (HCO3
- ion) which yields the desired carbonate salt 
(sequestered CO2) as well as the hydroxide ion (
-OH) and free silica (SiO2). Silica and carbonate 
salt are expected products of this reaction and since these products cannot react further pull 
equilibrium toward the reaction to yield carbonate and silica. The hydroxide ion in aqueous 
solution under pressure of CO2 immediately reforms the bicarbonate ion (HCO3-) and thus 
readjusts equilibrium towards products again. In this manner, the reaction is driven toward 
products in multiple fashions, accelerating rate, and thus efficacy of the method.  O’Connor et 
al. has extensively studied the effects of varying temperatures, pressures, and specifically 
aqueous solution parameters. They have determined that optimum conditions for mineral 
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carbonation sequestration to be at 0.64M bicarbonate, and 1M NaCl, the conditions which 
Gerdemann et al. adopt for their experiments. 
The effects of pre-treating by heat the mineral silicate, specifically the serpentine, 
magnesium and iron containing silicate minerals which exist in many hydrated states are 
noteworthy as well. The process of heating the serpentine minerals to 600-650C removes many 
of the hydration shells which permeate through these natural minerals, increasing their efficacy 
in the carbonation reaction. “It is possible to obtain over 90% carbonation of olivine in 6 hours. 
In one hour the extent of reaction is similar to heat treated serpentine” (Gerdemann, 2003).  
Figure 5 - Reaction Extent for Various Substrates for Mineral Carbonation (Gerdemann, 2003) 
   
Since serpentine mineral deposits are excessive in comparison to olivine deposits, it is useful 
to examine the energy requirements to improve the kinetics of these reactions. Gerdemann’s 
research is illustrative on the comparison between the minerals and the heat treatment of the 
serpentine. The figure above shows a plot of various mineral sources and the extent of their 
carbon dioxide extraction against the time of allowed reaction. The data shown is from a 
reaction run at 185C and 150atm of carbon dioxide. Cedar Hill Antigorite and SW Oregon 
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Lizardite refer to different grades of serpentine mineral obtained from the respective locations. 
This is the same with Twin Sisters Olivine. The figure is illustrative to the various efficacy of 
substrate. Clearly the olivine substrate performs best, and likewise requires no treatment, and 
achieves about 95% conversion in just 6 hours. It is also clear that without heat-treatment, the 
conversion of carbon dioxide by serpentines is unlikely to be feasible. However, promising 
results arise when the serpentine minerals are heat treated. The effective extraction of CO2 
increases into the 50-60% range, even after only 6 hours. The charts seem to approach 
asymptotically to their extraction extent, indicative of equilibration amongst reactants and 
intermediates. 
Substrate Abundance 
The abundance of each substrate, olivine or serpentine, is a key in carbonation 
sequestration. The Twin Sisters deposit, mentioned in the figure above, located in Washington 
state, is estimated to contain about 2 billion tons of dunite (>90% olivite), which is enough to 
sequester “100% of the CO2 emissions from 8-10 1 GW coal fired power plants for ~15 years” 
(Gerdemann, 2003) as carbonate. Clearly the potentials are vast for olivite which can be used as 
an untreated substrate would be preferred initially. Serpentine minerals, however, require 
treatment, which adds to cost of energy, but their abundance demands investigation. The 
energy cost for treating serpentine mineral for use in the mineral carbonation procedure is 
estimated at about 200kWh/ton serpentine (O’Connor, 2001). Particle size is a large factor when 
using natural substrates in reactions, so study has been done to investigate the effects of 
grinding on these substrates’ reactivity. It has been shown that an increase of conversion from 
10% to 90% can be achieved when reducing the particle size from 100-150μm to less than 40μm 
(Huijgen, 2007). Such vast increases in effectiveness can justify certain energy inputs given the 
dramatic increase in yield.  
Trace Gases and Their Effects on the Environment - 35 -  
Tom Villani  Worcester Polytechnic Institute 
Biodiesel 
Another very promising form of carbon sequestration which deserves consideration is in the 
production of biodiesel. The production of biodiesel is a process by which natural fatty acid oils 
are treated by a process called transesterification and converted into fatty-acid methyl esters. 
The reason that this form of sequestration has especial utility is the fact that the product of 
sequestration is immediately usable by people. The use of biodiesel has a zero net carbon gain 
to the carbon system, since the fuel is produced by a source which consumes as much carbon as 
is stored as fatty acids.  
Implementation 
The use of biodiesel as a fuel has been implemented in many parts of the world due to the 
rising environmental and economic concern associated with fossil fuels. The emissions of 
biodiesel are cleaner than fossil fuels; biodiesel is also non-toxic, and in general less corrosive 
than standard fuels. Their implementation as fuels for automobiles is fairly widespread as a 
mixture known as B20, a 20% mix of biodiesel in regular diesel fuel. Problems with using 
biodiesel in modern diesel engines are associated with clogging of the injection system of 
carbon deposits and thickening or gelling of the lubrication fluid from contaminants. 
Automobiles may be easily customized to be adapted to biodiesel fuels. There is a fleet of trucks 
which runs on biodiesel today (Environmental Leader, 2009). 
Production 
The fatty acids which are used as a 
source for biodiesel come from a variety of 
natural sources. The principle source is 
Figure 6- Triglycerides, Fatty Acids and Esters of them 
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from vegetable oil. Vegetable oil is rich in the triglycerides (fatty acids) for biodiesel.  
Estimates place the capacity of vegetable oils to produce fuel from 100-200 gallons/acre for oils 
coming from plants such as corn, coconut, palm, sunflower, peanut, soy bean, and rapeseed. 
These plants constitute a wide range of types and a variety of ecosystems, and are considerably 
widespread worldwide. Another benefit of using vegetable oils is the ability to clean used 
vegetable oil which may be obtained as waste from the food industry. This offers an additional 
benefit for localized regional production. The Department of Energy places current estimates 
that algae production will be able to top most means of oil production at 300 gallons/acre. The 
variety of sources offers promise for the future of the production capacity.  
Figure 7 - Transesterification of Triglycerides 
 
Biodiesel is produced by reacting triglycerides with alcohols to form fatty acid esters. Most 
commonly, fatty acid methyl esters are produced, and they are from the transesterification 
reaction of the triglyceride with methanol. The structure of a triglyceride is shown in figure. The 
general structure of a fatty acid ester is a carboxylic acid ester group with an 8-28 carbon chain 
also shown in the figure above. The length of the chain may vary, but it is always an even 
number between 8 and 28. The fatty acid methyl esters are characterized with a similar 
structure, except the R’ part of the carboxylic acid group is replaced by a methyl group, CH3. The 
transesterification reaction is the catalyzed exchange of an alcohol (R’OH) for the glycerol part 
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of the triglyceride molecule (Sankaran, 1990). Three molecules of alcohol are required to 
completely transesterify the triglyceride and it yields three molecules of fatty acid ester along 
with one molecule of free glycerol (see Figure 8). The reaction may be catalyzed in a number of 
ways, alkaline hydrolysis (using aqueous base), by pyrolysis (heating), and even through the use 
of enzymes. The transesterification is the key step in the production of biodiesel, and thus it is 
important to understand the factors which affect and control the reaction, so that its utility may 
be quantified.  
To understand the 
details of the kinetics and 
mechanism for the 
transesterification 
reaction, it is important 
to examine the reaction 
in close detail. The 
reaction proceeds 
typically by the reaction 
of the triglyceride with 
the alcohol. Without 
catalysis, the reaction has 
no potential to move 
forward at lower temperatures, but with a catalyst, the alcohol reacts to form a tetrahedral 
intermediate with the carboxyl group, which proceeds to displace the oxygen molecule of the 
glycerol, ejecting the fatty acid ester, and leaving a diglyceride behind. The diglyceride 
Figure 8 - Reaction Steps in Biodiesel Production (Fukuda, 2001) 
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undergoes a similar reaction and leaves a monoglyceride, proceeding in the same manner to 
yield the third molecule of fatty acid ester, and glycerol (see Figure 8) 
Each step of the reaction is reversible, and there is also a mechanism by which one molecule 
of triglyceride reacts in concert with 3 molecules of alcohol to give the esters and glycerol 
directly. Thus each step has a corresponding forward and reverse equilibrium constant (k1-k8).  
There is also potential for a competing reaction to consume the fatty acid esters. Treatment of 
triglycerides under alkaline conditions with water can also lead to saponification, in which the 
triglyceride is converted to free fatty acid, which quickly reacts with available base forming fatty 
acid carboxylate salts—molecules most widely used as soaps. This reaction has an extremely low 
impetus to reverse, thus k10 is exceedingly small, so much so that it may be ignored. This side-
reaction has issues that will be discussed later; suffice it here to say that a primary negative 
impact is the consumption of materials and catalyst detracting from product yield. The rates are 
dependent on the concentration of each reactant in the first order, so therefore the rate 
equations are governed by the set of differential equations 
which follow (Marchetti, 2005). 
Brackets indicate concentration (mol/L), TG is triglycerides, 
DG is diglycerides, MG is monoglycerides, R’OH is the alcohol, 
RCOOR’ is the fatty acid ester, RCOO- is free fatty acid salt, Gly is 
glycerol, -OH is the alkaline base. 
 Rate constants in the equations above can be calculated 
using the Arrhenius relationship. The Arrhenius equation relates 
the rate constant (k) to the ratio of the activation energy (Ea) to 
thermal energy of a system (RT) by the following equation: 
Table 4- Rate Equations for Biodiesel Production (Marchetti, 2005) 
d[TG]/dt= -k1*TG+*R’OH+ + k2*DG+*RCOOR’+ – k7*TG+*R’OH+
3 + k8[Gly][RCOOH]
3
d[DG]/dt = -k3*DG+*R’OH+ + k4*MG+*RCOOR’+ – k2*DG+*RCOOR’+ 
d[MG]/dt = -k5*MG+*R’OH+ + k6*Gly+*RCOOR’+ – k4*MG+*RCOOR’+ 
d*RCOOR’+ = -(d[TG]/dt + d[DG]/dt + d[MG]/dt) – k7*TG+*R’OH+
3 + k8*Gly+*RCOOR’+
3 - … 
                       - k9[
-OH+*RCOOR’+3 
 
Table 5 - Kinetic Rate constants 
for Biodiesel Production 
Reactions (Noureddini, 1997) 
Kinetics 
parameter Value 
k1 0.049 
k2 0.102 
k3 0.218 
k4 1.28 
k5 0.239 
k6 0.007 
k7 7.84E−5 
k8 1.58E−5 
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k(T)=Aexp(-Ea/RT) where A is known as the Arrhenius constant. Using this type of relationship, k 
values have been calculated for 50°C, shown the table above (Noureddini, 1997). 
Every equation is dependent on the concentration of alcohol. Since the alcohol does not 
react without catalyzing conditions, use of the catalyst is clearly critical to the reaction. The 
choice of catalyst has been highly studied. Typically alkaline base catalysis is used, which 
consists of treating the reaction mixture with a solution of an alkaline base, typically sodium 
hydroxide (NaOH). Treatment with alkaline base causes equilibrium between the alcohol and its 
conjugate base, known as an alkoxide ion. The alkoxide ion is responsible for the nucleophilic 
attack on the carboxyl group of the triglycerides, and it is therefore the concentration of the 
alkoxide ion which each reaction is dependent upon and the concentration to which *R’OH+ 
refers. The formation of the alkoxide ion results in the formation of water as well, which has two 
effects on the reaction. Firstly, since the reaction of the alkaline base with the alcohol to form 
the alkoxide ion is reversible, the rate of its formation is governed by the forward and reverse 
rates of the reaction. Water’s role in this pivotal stage of the chemical reaction makes it an area 
of concern. The conditions for the reaction must be fairly dry, and ideally, should remove water 
as the reaction proceeds. This can be a technical problem due to the large cost of drying 
alcohols. Alcohols are very hygroscopic (absorbs water readily from air), and thus typically 
contain at absolute minimum of about 5% water under normal atmospheric conditions. It is 
commonly known that absolute ethanol, which is as pure as ethanol can get in the atmosphere, 
is 95.6% alcohol, and the rest is water. 
It is worth analyzing the rate constants themselves. The reaction rate is proportionate to the 
rate constant, so a small rate constant means a slow reaction. From the table above, the rate 
constants for the reactions converting triglyceride to diglyceride, and diglyceride to 
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monoglyceride, favor the reactants. This means that the first two reactions in the stepwise 
transesterification sequence are driven towards triglyceride again. While at first look, the results 
may seem disappointing, the reaction which converts monoglyceride to glycerol and the last 
ester is highly favored. In fact, by simple ratio, the last step is favored by an order of magnitude 
more than the reverse reactions are favored. This has the effect of drawing the reaction toward 
completion, as monoglycerides will be used faster than they can be produced, keeping the 
reverse reaction to diglycerides to a minimum. The tetramolecular reaction which involves the 
direct conversion of triglycerides to the glycerol and three molecules of ester has rate constants 
which are many orders of magnitude lower than the bimolecular reactions, which is expected 
due to the poor likelihood of a tetramolecular collision. The tetramolecular reaction has little 
effect compared to the other route of transesterification. 
An important feature of the reaction kinetics involves the saponification of the fatty acid 
esters to fatty acid carboxylate salts, which are soaps. This reaction is highly irreversible and the 
reaction consumes the alkaline base used to catalyze the transesterification. A common 
component of most unrefined vegetable oils is these free fatty acids, and they consume catalyst 
as well (Bunyakiat, 2005). It is clear that the magnitude of the k9 rate constant is a very 
important; a high magnitude will result in the formation of soaps too quickly. Soaps complicate 
the reaction mixture and lead to much difficulty in separation procedures following the reaction. 
Soap is a mediator of phase transfer, and since the alkaline catalyst and excess alcohol are 
present amidst the desired product, an aqueous phase transfer washing to remove these 
reactants is made near impossible. Soapy molecules are difficult to purify from oils as well. The 
reactions are sensitive to initial concentrations of free fatty acids, so purification of the oils is 
needed before transesterification can take place. All of these problems add up to mounting cost, 
should the side-reaction leading to the soapy molecules be too extensive. Studies have been 
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done to try and determine the extent of the saponification reaction. Under conditions of about 
1% water, and 0.1M solution of sodium hydroxide in ethanol, it was found that concentration of 
hydroxide (-OH) was about 4.9% and ethoxide (R’O-) 95.1%. The effect on the reaction rate is 
favorable for esterification of the alcohol “*on+ the order of 1500-fold” compared to 
saponification (Glass, 1971). This is fortunate but means that it will likely be necessary to employ 
conditions which are especially dry. 
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Methodology/Procedure 
Modeling Gas Concentrations 
Carbon Dioxide 
In order to estimate and 
analyze the effects of various 
policies on the concentration of 
carbon dioxide in the 
atmosphere, it is vital to 
construct a model which can 
reasonably approximate the real-
world conditions. The model 
used in the scope of this paper is 
known as the Seven Reservoir 
Model and is a good approximation to the fluxes of carbon dioxide. A graphical depiction of this 
model is shown (Griffiths et al, 2008).  
This model represents the flux of carbon dioxide across the world. The model uses a series 
of ordinary differential equations (ODEs) to describe 
functions that represent the carbon dioxide levels in each 
of the reservoirs, as well as a function representing the 
input into the carbon cycle, specifically through 
anthropogenic sources.  
Figure 9 - Seven Reservoir Model of Carbon Dioxide Flow (McHugh, 1997) 
 
 
Table 6 - Seven Reservoir Definitions 
(McHugh, 1997) 
 
 
Trace Gases and Their Effects on the Environment - 43 -  
Tom Villani  Worcester Polytechnic Institute 
The functions ci(t) representing the total amount of carbon in each reservoir is shown in 
Table 6. 
These are functions of time, and t refers to the amount of time in years since 1700, as the 
year 1700 is chosen as the starting date for the data modeled. The model was constructed to 
model the data collected at the Mauna Loa observatory for atmospheric carbon concentration. 
The value recorded for 2007 is 
384ppm, and is incorporated into the 
model as well.  
The function representing the 
input to the carbon system is denoted 
as γ(t), and represents carbon input 
into the lower atmosphere. This 
function will be the focus of the 
simulations, and modification of it 
allows for incorporation of certain 
strategies into the model’s prediction. 
In order to simplify what would otherwise be a complex set of partial differential equations, 
it is assumed that there is perfect mixing throughout the reservoirs. In other words, the 
concentration of carbon dioxide within each individual reservoir is uniform throughout. The 
result allows the model to be represented by a series of ordinary differential equations, which 
can be much more easily solved. The equations shown represent the amount of carbon dioxide 
in each reservoir as a dimensionless proportion between the difference in the current 
concentration to that at initial state, and the concentration at the initial state (t=1700). At 
Table 7 - Seven Reservoir Equation Definitions (McHugh, 
1997) 
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t=1700, each function Ci(1700) = 0. The rates 
of change for the functions Ci(t), where i 
denotes which specific reservoir, are 
represented in Table 7. Note that the values 
Dj are the net carbon dioxide fluxes 
between reservoirs as depicted in Figure 10.  
The value Dj represents the flow of 
carbon dioxide from one reservoir to 
another. For example, in the function for the 
lower atmosphere, Dlu represents the flux between the lower and the upper atmosphere, while 
Dsb represents the flux between the lower atmosphere and the short lived biota. The 
nomenclature for these functions is included in the appendix. Each function is dependent on the 
current concentration levels in each reservoir, in general, depending on the concentration of 
carbon dioxide in the first order. Therefore, in general, the flow of carbon from reservoir to 
reservoir will be proportionate to the difference in concentration between the two reservoirs. 
Each of these functions D may be integrated to give the total carbon amount in each reservoir. 
Methane 
The model will be used to approximate the concentration of methane among several 
reservoirs as well. Methane is dispersed in a different way across the systems of the planet, and 
thus only three reservoirs are used to model its flow. The rate of addition of methane to the 
atmosphere has been correlated from historical records, and will be used to calibrate the 
methane simulation.  
Figure 10 - Equations for the Seven Reservoir Model (McHugh, 1997) 
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The methane model is set up in a similar manner to the carbon dioxide model. The three 
reservoirs which simulate the natural reservoirs where methane can be pooled on earth are the 
lower atmosphere reservoir, the mixed layer reservoir, and the deep ocean layer. These three 
reservoirs mix into each other via the same mixing coefficients described earlier in the paper. 
The methane simulation is used in the calculation of the radiative forcing of the greenhouse 
gases, and thus in the calculations for the temperature change. The various simulations do not 
alter the input of methane into the environment, but use the data to achieve better calculations 
for the temperature changes.  
Ocean pH  
The data from the model will also be used to estimate other parameters such as the ocean 
pH level. pH is a measure of the concentration of hydrogen ions, which can be calculated from 
the partial pressure of carbon dioxide in the lower atmosphere level of the system. Carbon 
dioxide exists in equilibrium as an aqueous ion called carbonate (HCOO-). The existence of this 
carbonate displaces a hydrogen ion from a water molecule, thus increasing the hydrogen ion 
concentration, causing the water to become more acidic in nature. The rate at which the carbon 
dioxide goes into aqueous solution to become carbonate can be measured, and thus an 
equation can be derived to predict the hydrogen ion concentration, and thus pH of the ocean. It 
should be noted that these rate constants are temperature dependent, so the model will inherit 
a certain amount of error in this way. To calculate the analytical expression for hydrogen ion 
concentration, the equilibrium equations between CO2, carbonate, and carbonic acid must be 
solved.  These equations are shown below (equations 1-3). Henry’s law equation also must be 
taken into account, which is an expression for the equilibrium between CO2 in the air and CO2 
available in the water related proportionally by Henry’s constant, KH = 29.76 mol/L. 
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After solving these 
expressions, the expression for 
hydrogen ion concentration can 
be found, also shown in the figure 
(Orr, 2005). Equation 4 is directly 
obtained by algebraic substitution 
of the equilibrium expressions. 
Equation 5 can be obtained by 
substituting for K1 from equation 
3. The pH can be calculated 
directly using this equation from the atmospheric pressure in CO2, which is calculated by the 
model. This equation also factors in an expression which relates the buffering effect of the 
ocean’s biological calcium carbonate in order to achieve better agreement with empirical results 
This constant, derived empirically, is represented as β, and weights equation 5 proportionately 
(Orr, 2005).  
Radiative Forcing 
 The model will also be used to estimate the level of temperature change associated with 
increasing carbon dioxide concentration. A correlation of temperature to concentrations of CO2 
has been obtained from historical records and ice core records which can be used to estimate 
the temperature change in the future.  The IPCC 2001 report on climate change defines an 
equation for the radiative forcing caused by carbon dioxide, methane, and nitric oxide, from 
which the temperature change has been correlated (IPCC, 2007).  The equations are shown in 
Table 8 – Ocean pH Equations (Martell, 2004) 
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Figure 11 below. Solving these equations for each point of time which is simulated for the model 
allows for a prediction of temperature. 
Figure 11 – Radiative Forcing Equations (IPCC)  
 
This model will be used to effectively gauge the impact of mineral carbonation as a form of 
carbon sequestration, as well as impacts from the standardization of biofuels as a replacement 
for petroleum. Estimates about the carbon dioxide concentration, methane concentration,  
Model Methodology 
The modern world is heavily dependent on energy in raw forms. Across the world, the use of 
fuels, particularly fossil fuels, dictates that the dependence on these fuels is an economic as well 
as technological concern. In the present day, there are no fuels cheaper to process and use than 
fossil fuels, and thus they constitute a major portion of the economic markets for industrialized 
countries. The US Department of Energy (DoE) has compiled data and forecasted the use of 
various carbon dioxide emitting fuels into 2030. 
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As seen in Figure 12 below, 
the trend of fuel use increases 
alongside carbon dioxide 
emissions. The figure shows 
petroleum being the primary 
contributor of carbon dioxide 
emissions to the transportation 
and electricity production sectors, and plays a key role in all other sectors as well. The benefit of 
using biodiesel, is that there is no net carbon input to the carbon system. The biodiesel is 
created by organisms from CO2 currently active in the lower atmosphere, and therefore the 
burning of biodiesel does not increase the total amount of available carbon in the system. In this 
paper, several simulations are outlined which demonstrate the effectiveness of biodiesel as a 
replacement for petroleum towards a carbon neutral energy cycle.  
The model will also be used to demonstrate the effectiveness of mineral carbon 
sequestration as a viable solution to mitigate the problems of increased carbon dioxide 
concentrations. The magnesium and calcium silicates that are used in this form of sequestration 
have a large natural abundance. Lackner tells of a deposit in Oman which contains 30,000 cubic 
kilometers of magnesium silicates which “which alone would be able to store most of the CO2 
generated by combustion of the world’s coal reserves” (Lackner, 2002). Certainly a deposit in 
Oman would require vast energy costs, as well as impose certain restrictions. Since there is an 
energy cost associated with this technique, it is important to estimate the possible effectiveness 
of the strategy. Several of these deposits will be evaluated in their potential to effect changes in 
CO2 levels. The mineral carbonation method will also be scrutinized in its potential to be scaled 
up to a point that can reasonably affect a change at all. 
Figure 12 – CO2 Emissions (10
6
 metric tons) by Sector and Fuel (DoE, 2008) 
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Initial Calibration 
In order to estimate the potential impacts for these strategies of mitigation, it is important 
first to calibrate the seven reservoir model so that it more closely approximates real world 
conditions. Historical data was used which was gathered at the Mauna Loa observatory was 
used to derive the rate of anthropogenic CO2 emissions (see Figure 13).  
Using this data from the Mauna Loa 
observatory for carbon concentrations 
since 1958, a least-squares regression 
analysis was used to create a function 
relating carbon dioxide to time. This will 
allow the model to more realistically 
model the gamma function, which is the 
anthropogenic input of carbon dioxide 
into the lower atmosphere reservoir of 
the model. The least-squares regression 
is a statistical technique which is used to fit a trend-line to a set of data. Using MATLAB, several 
regressive analyses were performed to see which function fit best to the data (Figure 14).  
Figure 13 - Mauna Loa Observatory CO2 Data (ppm) 
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Figure 14 - Mauna Loa Regressive Analyses 
 
 A linear regression was performed, which attempts to fit the data to a line of the form 
y=mx+b. This analysis shows a somewhat inconsistent fit to the data. A second order fit shows 
much more consistent fit to the data. An exponential fit, shown above with the second order fit, 
was also performed, and showed even more consistency than the second order fit. The second 
order function approximates the data as a fit to the function y = ax2 + bx + c, and the exponential 
function approximates the data to fit the curve y = ceax where a is related to the rate, and c is 
related to the initial concentration. These values were obtained from the plot to be 
incorporated as the definition for the gamma function in the MATLAB code.   
Now the model will be able to reasonably incorporate the anthropogenic carbon dioxide 
input into the simulation. When running the model with the initial starting conditions set to 
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zero, the model shows an exponential 
curve which increases in every reservoir, 
just as is expected. These graphs are 
shown to the right. This model is not an 
accurate prediction because the initial 
conditions are not based on empirical 
evidence. The model now needs to be 
calibrated to the observed starting 
conditions. Extensive research reveals no 
strong empirical evidence for any reservoirs except the lower atmosphere. Therefore, the other 
values must be approximated. In order to do this, the model was set up to run from the year 
1700 with the lower atmosphere initial condition set to match historical data. The value adopted 
was from ice-core data, which was approximately 4e-4g/L in 1700. The model was run and the 
values associated with 1900 were 
taken down to be used again. This 
simulation offered the values of the 
six reservoirs to be used with 
historical data from 1900 in order 
to improve the model further.  
Armed with the data found 
above, the simulation was run to 
model from the year 1900. The 
model was adjusted to historic ice-
core data, corresponding to a value of about 6e-4 g/L. The model was executed and the data for 
Figure 15 - CO2 Concentration for Each Reservoir Uncalibrated 
  
 
Figure 16 - CO2 Concentration in Each Reservoir  ncase=0 (historical data 
calibration) 
  
 
Trace Gases and Their Effects on the Environment - 52 -  
Tom Villani  Worcester Polytechnic Institute 
the six reservoirs in the year 1958 were taken for use. Incorporating this new data for the year 
1958 into the model with the atmospheric data from the Mauna Loa Observatory provides a 
reasonable approximation for the carbon dioxide levels, shown in Figure 16. 
 Next, for comparisons sake, a model was constructed to simulate the effect if carbon 
dioxide concentrations remain at 2010 level, and no longer receive input from the gamma 
function. This model (ncase=1) shows a stagnation followed by equilibration in rates all 
atmospheric reservoirs, as 
well as continuing increases 
to the biotic levels. It is 
interesting to note how the 
biotic sinks help to 
equilibrate the system over 
time when levels cease rising, 
but the atmospheric levels 
drop very slowly, if at all, 
over time. 
Using the same 
methodology, the model for 
methane was pinned to historic 
levels. Historic ice-core data 
was used in conjunction with 
modern scientific data to 
correlate a rate constant for the increase of methane in the reservoirs. The model was set up to 
Figure 18 - CO2 Concentration in Each Reservoir (ncase=1)
 
 
Figure 17 - Methane Levels for Model Simulations 
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simulate the increases of methane in the three methane reservoirs for each of the models in the 
same way, since no alteration to the input of the methane system was made for any of the 
simulations. The methane data, shown below, helps to estimate the radiative forcing, and thus 
the temperature, for the model.   
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Results and Discussion 
Mineral Carbonation 
Now that the baseline models have been established, effects of the carbon mitigation 
schemes can be incorporated. Data was collected about the mineral carbonation techniques 
such that estimates could be made about the efficacy of the techniques within the constraints of 
the model. The merit of the mineral carbonation technique for carbon sequestration will be 
judged on the effect each strategy has at lowering the overall carbon dioxide concentration in 
the lower atmosphere. Several simulations will demonstrate the feasibility of this technique as a 
means to lowering the levels of carbon dioxide in the atmosphere. Several strategies will be 
tested to determine to what degree this technique is effective. The natural abundance of this 
mineral will be demonstrated as well as several theorized sequestration operations in order to 
illustrate the potential for mineral carbonation as a strategy to mitigate climate change. 
Natural Substrate Abundance - Ncase=2  
The first proposal to be examined is the effect of a massive undertaking of the mineral 
carbonation technique, to examine whether or not there are any observable effects. The supply 
stock of the required minerals is very large, as has been previously discussed. Consider that 
civilization undertakes a massive effort to sequester all the carbon dioxide possible in the 
30000km3 reserve in Oman. The density of the minerals required for this technique is 2.55g/mL. 
Therefore there are 7.65e13 metric tons of mineral. Huijgen et al. showed that there is 
approximately 1kg CO2 sequestered per 8kg raw mineral material. Thus the entire Oman mineral 
deposit has the capacity to sequester 9.56 * 1012 metric tons of CO2. This is an extraordinary 
amount, and certainly it would take a long time to complete this kind of sequestration, so it was 
assumed that this entire amount was sequestered over 1000 years beginning 2010. This is 
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equivalent to sequestering 9.56 billion metric tons per year. In order to estimate the impact on 
the model, it is necessary to understand what kind of impact this volume of carbon would have 
on the total emissions. Data from the Department of Energy indicates that in 2006, the global 
CO2 emissions were 29.0 billion metric tons, and are expected to grow to 40.4 billion metric tons 
per year by 2030. Therefore, 9.56 billion metric tons will affect approximately an average of 
about 28% reduction in global anthropogenic emissions. Take into account that this is a highly 
idealized model, only to determine suitability of this sequestration method insofar as to 
demonstrate its effectiveness as a possibility based on natural resources alone. To incorporate 
this change and any changes that will be incorporated into the model, the gamma function of 
the model was modified to interpolate a reduction coefficient linearly across a definable time 
span, between t_start and t_end. This allows for the adjustment of the effect of the reduction to 
be gradual so that one can simulate that the strategy increases in effectiveness over a number 
of years. For the this simulation (ncase=2), the reduction coefficient was set to 0.28, for 28% 
reduction, and the time parameters were set for the change to occur over 50 years starting in 
2010. This simulation shows a huge impact on the carbon dioxide level in 2100: dropping from 
568ppm for the simulation with no policy change, to 482ppm with the carbonation. This 
constitutes a 15% reduction in levels, certainly a noticeable effect. The figure shows the data for 
this simulation alongside the data  
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Figure 19 - CO2 (ppm) for ncase=2 
 
The model simulation for the pH level of the ocean for ncase=2 shows an evident impact 
when compared to the control case, ncase=0. The pH in the year 2100 for ncase=2 is estimated 
to be 8.0433 (compared to a level of 8.0076 for ncase=0).  This corresponds to a reduction of 
0.0357 pH units. It has been reported that dangerous effects of ocean acidification can result 
from a net ocean change of 0.2 units from present day values of 8.909 (Ridgwell, 2009). The pH 
data for this simulation is shown in the figure, clearly illustrating the effectiveness of this 
method in maintaining pH closer to current levels. 
Figure 20 - Ocean pH by year (ncase=2) 
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The model was also used to evaluate the change in average global temperature based 
on the greenhouse gas data. By evaluating the equations for the radiative forcing for the gases 
in the model, the temperature was shown to increase. The comparison of the temperature 
change for the control and for ncase=2 is shown. The data for the year 2100 shows a change of 
1.4008˚C since 1850, or a change of 0.6144˚C since 2010. This is an improvement over the 
control case. The data for the control case in the year 2100 shows 1.718˚C change since 1850, or 
a change of 0.9316˚C since 2010.  
Figure 21 - Temperature Change since 1850 for ncase=2 
 
Short Term Feasibility – ncase=3 
The method for mineral carbonation certainly has potential based on natural resources 
alone, but to evaluate this method in terms of realistic predictions, more research needed to be 
done. To determine the actual potential for mineral carbonation, data was gathered about the 
current capabilities of the method. O’Connor et al. report a rate of 2.3kg/hr on laboratory scale. 
Clearly this amount would be scaled up in an industrial setting, and in a paper written by 
Johnsen et al. report the potential for a 5000x scale up for sequestration techniques. It can 
therefore be calculated that a mineral carbon sequestration plant, running at 5000x scale from 
laboratory settings, 24 hours a day, every day of the year, has the potential to 8.76*104 metric 
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tons per year. Working the numbers out similarly to ncase=2, it was found that each plant has 
the capacity to sequester 3.24*10-4 % of total anthropogenic CO2 output per year. For the 
model, this value was multiplied by 100 to represent that 100 of these sequestration plants 
would be opened over the time period. Fifty years was chosen as the amount of time to 
incorporate these plants. Running this model (ncase=3), showed a reduction of about 2.25% in 
2100. The level calculated for CO2 concentration in 2100 was 555ppm. The results are shown in 
the graph.  
Figure 22 - Effects of Mineral Carbonation on CO2 (ppm) 
 
The graph also shows the control cases: ncase=0 shows the CO2 data if rates keep growing 
as in historical rates, ncase=1 shows if carbon dioxide stopped being added in the present. The 
effect of strategy ncase=3 can be seen on the graph, although it is nowhere near the effect of 
ncase=2. Certainly the realistic possibility that mineral carbonation will single handedly mitigate 
the carbon dioxide concentration to lower levels is limited, but the method certainly shows 
viability to effect a change. The pH change for this simulation is illustrated below, showing the 
expected decreasing trend. The pH level for this simulation in the year 2100 is a value of 8.0126, 
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a decrease of 0.0476 pH units. For comparison, the control case provides 8.0076 pH in the year 
2100.  Clearly this method can have a small impact on the acidification of the ocean.  
Figure 23 - Ocean pH for Mineral Carbonation Simulations 
 
The model results for the radiative forcing when considering the mineral carbonation scale 
up show a reduction in the expected temperature rise when compared to current policy 
predictions. The graph shows a comparison of the idealized substrate capacity scale-up 
simulation  (ncase=2) with the realistic scale up capacity (ncase=3) as well as with the current 
policy prediction control case (ncase=0).  
Figure 24 - Temperature Change since 1850 for Mineral Carbonation Simulations 
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The table in the following section shows a summary of the data for the mineral carbonation 
techniques.  
Summary of Mineral Carbonation Results 
The data shows the effectiveness of mineral carbonation as a possible solution to 
incorporate in order to mitigate the problems of increasing carbon dioxide concentration.  The 
first simulation (ncase=3) demonstrated the feasibility of the carbon sequestration method as a 
long term mitigator of carbon dioxide concentration based on the extremely expansive natural 
reservoirs of the required material. Certainly there are economic factors which come into play 
when considering the efficacy of the method, but the model shows clearly that there is a 
potential for the method to effect a large change over time.  One could justify a long term 
investment in the development of this method based on the fact that there is enough natural 
abundance of material required for the method to effect a change. 
Table 9 - Summary of Mineral Carbonation Data in 2100 
Simulation Description CO2 pH 
Temperature (˚C) change 
since 2010 
ncase=0 Current Policy 567.8576 8.0076 0.9316 
ncase=1 Stagnant at 2010 levels 378.5601 8.0433 0.1554 
ncase=2 Large Reservoir Mineral Carbonation 481.9473 8.0126 0.6144 
ncase=3 
Realistic Industrial Scale Up of Mineral 
Carbonation 555.0952 8.0335 0.8874 
Biodiesel 
The next simulation involved the incorporation of biodiesel as a fuel on a worldwide scale. In 
order to estimate the impacts on a switch to biodiesel, data must be gathered concerning the 
emissions worldwide from petroleum fuels. Using statistics gathered from the DOE/EIA, 
contribution of 
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liquid fuel combustibles was analyzed against 
worldwide CO2 output. Extrapolation of the data 
from this curve allowed an average value of liquid 
combustible emissions to be calculated as well as 
the average ratio of liquid combustible emissions 
to worldwide emissions.  This data was used to 
modify the gamma function, thereby changing the 
input into the model. 
Complete Conversion – ncase=4 
The first model to run concerning biodiesel will assume that all of the world’s combustible 
liquid fuels will be replaced by biodiesel, which will result in a zero net carbon input into the 
carbon system. This means that 38% of world carbon dioxide emissions will be eliminated.  The 
model (ncase=4) assumes that this change is incorporated over 50 years, starting in 2010. The 
results are quite noticable in comparison with the current trend control case. The model shows 
Figure 25 – World CO2 Emissions by Fuel Type, 1990-2030 
(EIA, 2009) 
 
Figure 26 - Complete Conversion of Biodiesel CO2 Data (ppm) 
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a level of 461ppm in the year 2100, which is a 19% reduction in predicted CO2 values.  pH data 
was also gathered from this simulation, presented in the graph below.  
Figure 27 - Ocean pH Data for Complete Biodiesel Conversion 
  
The pH level expected for the ocean in the year 2100 is approximately 8.0526, a decrease of 
0.0383 pH units since present day rates. Compared to a reduction of 0.0833 pH units for the 
control case ncase=0, this is 55% reduction in the change of pH. Temperature data was also 
plotted for this simulation. An increase of 0.532˚C from the year 2010 was predicted from the 
simulation, which is a 40% reduction in the increase of temperature predicted for the control 
scenario (ncase=0). The data is shown below.  
Figure 28 - Temperature Change for Complete Biodiesel Conversion 
 
7.85
7.9
7.95
8
8.05
8.1
8.15
8.2
1950 2000 2050 2100 2150 2200
Ocean pH by year
ncase0
ncase4
0
0.5
1
1.5
2
2.5
3
3.5
1800 1850 1900 1950 2000 2050 2100 2150 2200 2250
Temperature Change since 1850 (˚C)
ncase0
ncase4
Trace Gases and Their Effects on the Environment - 63 -  
Tom Villani  Worcester Polytechnic Institute 
Large Country Conversion Estimation – ncase=5 and ncase=6 
To further gauge the impacts of biodiesel on the levels of carbon dioxide, several more 
models were run. Since it is highly unlikely that the entire world will be able to convert to 
biodiesel, the impact was estimated for a 50% conversion of the world from liquid combustibles 
to biodiesel, over the 50 year timespan incorporated linearly. This would be the approximate 
circumstance if the US, Europe and Asia underwent a complete conversion to biodiesel from 
petroleum sources (data from Carbon Dioxide Information Analysis Center). The model 
(ncase=5) was executed, providing a value of 504ppm in the year 2100, a reduction of 11%. 
Certainly there is potential in this policy for change. To provide further estimates, a model was 
executed to simulate a conversion of the US to biodiesel, estimated to be a 20% reduction in 
liquid combustible emissions worldwide. This model (ncase=6) was simulated, providing a value 
of 539ppm for the year 2100. This represents a 5% change in CO2 levels. The data for these 
cases, alongside the data for the complete conversion case from above (ncase=4), is shown in 
the figure below.  
Figure 29 - Effects of Biodiesel Strategies on CO2 
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is shown below, showing a definite reduction against the current policy control (ncase=0).  pH 
level for ncase=5 is 8.0344 and for ncase=6 the pH is 8.0189.  
Figure 30 - Ocean pH by Year for Biodiesel Conversion 
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Figure 31 - Temperature Change for Biodiesel Conversion Strategies 
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alongside the current trend control case (ncase=0) and the 100% biodiesel conversion 
simulation (ncase=4).  
Scale Up of Current Capacity – ncase=7 
The models above represent an simulation of the potential of biodiesel to affect a change to 
the worldwide CO2 levels. In order to approximate the effects of biodiesel conversion more 
accurately, research was done into current capacity for biodiesel production. According to 
biodiesel.org, the current production capacity for biodiesel is 4 billion gallons a year, which is 
2.61*105 barrels per day. It should be noted, however, that the actual production is much less 
than this, due to economic factors, biodiesel plants rarely run at full capacity.  
The usage of petroleum in world is approximately 9.16*107 barrels per day. Therefore, 
biodiesel can support approximately 0.284% world oil consumption. Assuming that over twenty 
years, there is a 10x increase in capacity for production, the model can be incorporated to 
approximate the CO2 values. The model returns a result of 555ppm in the year 2100, which is a 
2% reduction in overall levels. This estimates the most reasonable impact that biodiesel may 
have on the carbon dioxide levels. The data is shown in the next section, which summarizes all 
of the simulations.  
Summary of Biodiesel Simulations 
The data shown here summarizes the potential impacts of the various strategies of 
conversion to biodiesel as predicted by the model simulations. The figures below show the 
effects of the various strategies described above on CO2 level, pH level, and temperature, with 
the Current Policy control (ncase=0) for the sake of comparison.   
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Figure 32 - Effects of Biodiesel Conversion on CO2 (ppm) 
 
Figure 33 - Ocean pH for Biodiesel Simulations 
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Figure 34 - Average Temperature Change for Biodiesel Simulations 
  
The table below shows a comparison of each method to the control method. Clearly a 
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the year 2100 from the Current Policy control scenario (ncase=0) of about 567.8ppm to a level 
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ncase=6 20% Conversion to Biodiesel over 50 years 539.2657 8.0189 0.8312 
ncase=7 Scale Up of Modern Capacity 555.5159 8.0124 0.8888 
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The DOE outlines many policies regarding the target 450ppm for world emissions (DOE 
website, http://www.netl.doe.gov/publications/proceedings/03/carbon-seq/PDFs/090.pdf). 
Certainly a 100% conversion to biodiesel by the year 2060 would require extreme political, 
economic, and social efforts; however it is clear that biodiesel is clearly a good alternative to 
petroleum fuels in order to mitigate carbon concentrations. This strategy also shows impact in 
the ocean pH level as well as the global temperature levels. The pH level was reduced only to 
8.0526, compared to a level of 8.0076 for the Current Policy control (ncase=0). This constitutes a 
reduction of the decrease in pH from 2010 to 2100 by 55% over the control scenario. This 
represents about half the impact on the pH represented by the control scenario (ncase=1) which 
represents if anthropogenic CO2 input ceased in 2010. The temperature change predicted by the 
model is 0.5320˚C by 2100. This value represents a 40% reduction in the temperature increase 
compared to the Current Policy control (ncase=0). 
 This data certainly illustrates the power of adapting a technology we currently depend on, 
such as automobiles, to use of this novel technology. Whilst biodiesel even emits CO2 into the 
atmosphere, it is balanced since the fuel is created by a source which receives its carbon from 
the lower atmospheric reservoir. The effectiveness of using a store of carbon which is currently 
in circulation of the carbon system is thus illustrated, as  
Simulations were also carried out to demonstrate the effectiveness of partial conversion of 
world petroleum use to biodiesel. Simulations ncase=5 and ncase=6 represent a worldwide 
conversion to biodiesel of 50% and 20% respectively. A 50% conversion can be thought to 
simulate if the United States, Europe, and China switch entirely to biodiesel as a fuel source 
(DoE, 2003). The same data shows that a 20% use can be thought to simulate if the US switched 
completely to biodiesel for its petroleum source. A 50% conversion to biodiesel yields a level of 
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504.2ppm in the year 2100. This level is a reduction of approximately 11% of the levels for the 
current policy control simulation ncase=0. When comparing the changes since the year 2010, a 
50% conversion to biodiesel represents a nearly 30% decrease in the change experienced in 
2100 by the current policy control. The magnitude of this impact is certainly prominent enough 
to be considered an important tool for the mitigation of carbon dioxide levels. The simulation 
representing a 20% conversion of the petroleum use to biodiesel also shows a decrease in the 
carbon dioxide levels when compared to the control scenario. This simulation yields a level of 
539.2ppm in 2100, a change of 152.1ppm from 2010 levels. This represents a reduction of 5% 
from values predicted by the current policy control scenario, which corresponds to a 15% 
diminution of the change expected between 2010 and 2100 for the control scenario. The trends 
for these two simulations are carried through to the pH data as well as the temperature data. 
The data in Table 11 (in the Summary of Results section) show these trends clearly. 
The last simulation was the most realistic simulation of the incorporation of biodiesel, since 
it based global conversion amounts by theoretical output potential. The results for this 
simulation (ncase=7) show the smallest overall change from the control scenario (ncase=0) out 
of any biodiesel simulations. The reduction in carbon dioxide levels reaches 555.5ppm, which is 
2.2% reduction from the values predicted by the Current Policy control case. These results show 
the potential for biodiesel to have a possible impact on CO2 levels in the near future. The model 
assumes a tenfold increase in production capacity over the next 20 years, which has been 
estimated as an easily achievable task (biodiesel.org, 2009). Certainly there is justifiable 
investment potential in biodiesel as a way to curb the huge proportion of carbon emissions 
which derive from petroleum sources, especially as the pressure for eco-friendly policies grows.  
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Summary of Results 
Figure 35 - Summary of Mitigation Strategies 
 
Figure 36 - Summary of Ocean pH Data 
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Figure 37 - Summary of Temperature data 
 
Table 11 - Summary of Model Results 
Simulation Description CO2(ppm) pH pH (change 
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Conclusion 
The model simulations created a vast amount of data to be analyzed, and in doing so, one 
must remember to keep the information in the proper context. Amongst the predictions and 
model simulations, one must be sure to keep the true relevance of any data obtained in the 
proper perspective. It is important that these simulations not be misconstrued as unequivocal 
fact, but that these simulations are hypothetical and should be used to gain a better 
understanding of the pragmatic aspects of the problem. 
Potential for Error 
The complex nature of these types of climate models imparts to them naturally a certain 
level of uncertainty and thus error. Since each model is based on a set of empirically derived 
data, coupled with a theorized and simplified model, there is bound to be information which is 
left unincorporated into the simulation. This does not mean that these models are not useful for 
describing the trends of certain phenomena, and also does not mean that these models cannot 
be used to make useful predictions about future trends. This model can be used to approximate 
the potential impacts of various strategies, and its data can be used to extrapolate conclusions 
which can be used to consider the possible outcomes of future events. The best way to properly 
plan for the future is to imagine all the possible outcomes, and plan accordingly. The climate 
models allow for a reasonable prediction of possible outcomes, and they should be taken as 
collective information about what is deemed likely to occur based on the principles observed 
and encoded into the model. Certainly there is no model which claims to predict future events 
to a degree of absolute certainty. 
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Interpretation of Results 
The data gathered from the model is illustrated in the Summary of Results section in the 
Results and Discussion chapter earlier in the paper. The strategies show a variety of impacts on 
the Carbon Dioxide levels in the lower atmosphere in the simulation, as well as impacts to the 
pH level in the ocean and the expected global temperature. The mitigation schemes tested, 
Mineral Carbonation and Biodiesel, show varying effectiveness as potential solutions to 
increasing carbon dioxide concentrations. It is important to look at the constraints of the 
simulations while deciphering the data, to better understand the implications of the model 
results. Many aspects must be considered, especially those which have an impact on human 
society. Economic factors must be considered for the incorporation of these strategies, as the 
technologies to enact them are in the early stages. When considering the impact of the models 
on factors such as pH and temperature, factors such as the ocean ecosystem and crop yields 
come into consideration. The evaluation of each strategy is based on many factors. 
As seen in Table 11, the strategy which offers the most potential benefit to lower the CO2 
levels is the conversion of 100% of the world’s petroleum sources to biodiesel by 2060. It is 
unlikely that all of the world’s petroleum consumption will be replaced by biodiesel by 2060, but 
the model’s results are illustrative. Compared to the idealized model for undertaking a massive 
mineral carbonation over the long-term future (ncase=2), conversion to biodiesel shows a 
greater benefit to the reduction in CO2. What should be drawn from this data is that conversion 
to biodiesel seems like a more effective mitigation strategy in the short term, and deserves 
perhaps more consideration for technological investment. Biodiesel production and use is a 
modern technology, there are already plants which produce biodiesel, and there are already 
vehicles which can run on biodiesel, so certainly the viability of the production technology 
exists. Mineral carbonation is still mostly in its infant stages; no such industrialized plant yet 
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exists which demonstrates the capacity to sequester carbon in this way. Therefore it would likely 
require more initial investment support, and likewise the mineral carbonation technique 
requires a mineral which must be mined and treated, adding to the cost of this method. Thus, 
for short-term mitigation, it is recommended to invest into the biodiesel technology, and 
continue to develop mineral carbonation technology as a long-term investment plan. 
It is also revealing to examine the two simulations which model the potential for the realistic 
scale up of mineral carbonation plant (ncase=3), as well as realistic scale up of biodiesel 
production methods (ncase=7). These two simulations use data gathered about the methods 
and their potential for scale-up was evaluated. The data for these models are remarkably 
similar, yielding a value of 555.10ppm for the mineral carbonation scale up (ncase=3) and 
555.52 for the biodiesel scale up (ncase=7). These results further support the conclusion that 
biodiesel is a better candidate for short-term mitigation of problems, since it is equally effective 
as mineral carbonation with scale up, but has more development in technology already. One 
drawback to the biodiesel strategy is the fact that only certain automobiles can run on biodiesel, 
and biodiesel is not universally available in civilized areas. However, a huge portion of the world 
depends on petroleum products for transportation as well as other energy concerns, and thus 
biodiesel offers a convenient strategy such that petroleum fuels need not be eliminated, since 
many automobiles may be easily converted to use biodiesel.  
To understand the implications of each strategy, the pH data should also be analyzed. Many 
studies show evidence between ocean pH levels and their effect on calcifying organisms. 
Calcifying organisms relay on a basic ocean pH in order that the carbonate minerals they 
produce for skeletons or shells keep from dissolving. Upset to the carbon dioxide level causes 
upset to the ocean pH level, which can have adverse effects on these calcifying organisms. 
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Effects to calcifying organisms threaten a large part of the marine ecosystem, since many 
species rely on calcifying organisms for food or in aid of shelter (McNeil, 2008). The pH is 
lowered toward dangerous levels in each of the trials, again with the least impact coming from 
the 100% biodiesel conversion strategy. It is hypothesized that many negative effects will be felt 
if 450ppm is passed in the atmosphere, as wide-spread negative effects will impact marine life 
(German Advisory Council on Global Change, 2006).  Since there is a large possibility of 
widespread impacts on sea-life, there is the potential to have an impact on human food supply. 
Human food supply is estimated at 10% from fisheries, and thus represents a significant portion 
of the world’s food supply (GRID-A, 2009). Disruptions in the supply can lead to shortages in 
global food supply, and will likely effect impoverished nations hardest. This data illustrates the 
importance of planning and adaptation in consideration of the future. Many of the people who 
are likely to be hit hardest by the potential future problems are those who are already stricken 
with poverty. Coordination of people will allow for support to be divided amongst the needy, 
and it is thus important to study  
Rises in global temperature will also have the potential to affect world food supply, as 
outlined in the Crop Yields section of the report. It is estimated that many important crops, such 
as wheat, maize, and barley, will suffer from yield reductions between 5%-8% per 1˚C increase 
(Lobell, 2007). Since these crops make up large portions of human calorie intake, reductions in 
total crop yield could be disastrous, especially to undernourished populations. Thus each model 
simulated would expect reductions in the yields of these crops from 2-4%. Impacts of shortages 
in food supply, as discussed above, would likely impact impoverished nations hardest and most 
directly. Since about 12% of the human population is considered undernourished (FAO, 2009), a 
large amount of people are at risk to be effected. This data reinforces the idea that very careful 
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planning and coordination must be enacted to curb any deleterious effects to human 
population.  
What is clearly shown by the results of the model is that it is unlikely that any one strategy 
will single-handedly mitigate the problems of CO2 increase. Realistic strategies show an effect of 
only 1-2%, so it is clear that a combination of strategies will be the best tool for mitigating the 
problems. The more solutions which can be incorporated for a problem, the quicker the 
problem can be solved. The benefit of most strategies of CO2 mitigation is that they are mutually 
exclusive and thus can be incorporated in parallel. Small improvements to the efficiency of any 
method will greatly enhance its effectiveness over time. Combining strategies can also have 
unforeseen synergies, as the delicate feedback phenomena can influence the model secondarily.  
The information gathered from the model in this paper is illustrative about many factors 
concerning climate change. The model shows the efficacy of biodiesel as a mitigation strategy 
for global carbon dioxide levels, as well as the potential for mineral carbonation to impact a 
change in the future. The true magnitude of the systems can be seen through the simulations as 
well, as large changes in policy are required to effect change in the model. Realistic scale-ups of 
mineral carbonation and biodiesel show an impact of just  1-2%, and demonstrate the 
importance of combining strategies to effect a larger change. Each model simulation showed the 
potential for the ocean to be effected by changes in the acidity, and careful observation must be 
paid to purge any negative consequences. Each simulation also showed the potential for the 
temperature to increase from greenhouse gas effects. It is important to understand how factors 
such as temperature influence other parts of the environment, such as crop yields, and the data 
shows the potential for noticeable impacts to human food supply from increased temperature. 
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Careful consideration must be made about the potential impacts on human life, as there are 
certainly countless factors which effect human life that hinge on environmental factors.  
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Looking Forward 
One of the most difficult parts about life is that looking forward is only possible through 
imagination. As time goes by, it becomes easier for one to see the inherent unpredictability of 
the surrounding world. However, through the lens of reason, the fog can be lifted, and the 
uncertainties diminish. What will the world be like in 2100? What effects will the changes 
foreseen actually have on the earth and humanity? In which ways will adaptation take hold, and 
how will technology progress? These questions offer no concrete answers, only predictions and 
hypotheses. Time will have to tell. 
Carbon sequestration in its many forms, especially the mineral carbonation techniques 
discussed within the context of this paper, will assuredly aid in the mitigation of greenhouse gas 
concentrations. The viability of the technique will increase as technology progresses, and the 
practicality of the carbonation technique is clear in its ability to permanently sequester carbon 
dioxide in a chemically inert form. With the ability to affect a 2% change in worldwide CO2 
concentrations with realistic scale up of present capacity, as predicted by this paper, there is a 
demonstrable capacity for this method to be implemented in the future.  
The types of fuel that people will depend on in the year 2100 will be impacted by the 
concerns of the modern day. As concerns about greenhouse gas concentrations grow, it will 
become a focus of people to adapt, especially since so many energy sources emit carbon 
dioxide. One principle fuel that emits a large percentage of total greenhouse gas emissions is 
petroleum fuels. The benefits of biodiesel lie in the fact that the fuel is produced from carbon 
dioxide taken from the atmosphere directly, so there is no net input to the carbon system. The 
model predicts a 2% decrease in CO2 levels by the realization of biodiesel to its full extent, which 
clearly expresses the benefit of implementing biodiesel as a petroleum alternative.  
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Another option which manifests itself as somewhat of a miracle should it come to fruition is 
a form of nuclear power. Fusion power, which combines deuterium and tritium, which are the 
atomic weight 2 and 3 isotopes of hydrogen respectively, into helium and releases enormous 
amounts of energy. Presently only thermonuclear bombs have been able to harness this power, 
and only in an untamed, destructive shockwave. The energy input for a sustainable fusion 
reaction is astronomical, and thus present the restrictions which limit modern researchers, and 
this is why a thermonuclear bomb is powered by a fission bomb. The heat and pressure that 
must be attained to combine the hydrogen isotopes are literally cosmic, as fusion powers the 
sun and stars.  Modern researchers have been achieving successes at a growing rate using a 
method known as an Inertial Confinement Fusion (ICF). ICF is driven by focusing the power of 
lasers to bombard a small pellet of hydrogen isotope fuel with photons in order to dramatically 
heat and thus compress the pellet (Lawrence Livermore National Lab, 2009).  The ICF technique 
has proven promising in the past years, so much so that a facility which opened in 2009 is likely 
to achieve full ignition (DoE, 2009). This facility, known as the National Ignition Facility, hopes to 
achieve full fusion ignition, meaning that the plant will output more energy than it consumes to 
power the fusion reaction. Excitement and hope lie within the fusion experiments, as nearly 
limitless power can be obtained with elements found and/or synthesized in vast abundance. 
What is truly remarkable about fusion power is the minuscule amounts of material that carry 
the potential to unleash huge amounts of energy. Fusion power emits radiation, which must be 
contained, but the only byproduct is a form of helium which will not be released into the 
atmosphere.  Fusion power, if properly developed, will likely be the sole producer of electricity 
in 2100, if not the majority producer.  Energy consumption will be an important concern for 
future populations, as growing populations further places demands for energy  on the 
population. 
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As the human population continues to increase, a higher demand will exist for crops across 
the world. As climate changes begin to show face, the most strained areas of the world will face 
problems first. Areas of Africa, and large populations in Asia, will likely be forced to adapt their 
agricultural techniques to keep up with rising demands and diminishing crop yields. Areas which 
are known to be at risk for food shortages will need assistance from other regions, and it is likely 
that many people will suffer. As human population continues to grow, food problems will show 
themselves in spite of climate problems, and planning will be vital in curbing the possibility of 
wide-range food shortage.  
The coming century certainly holds many valleys and crests to overcome, and as always, 
people will face the problems with creativity and devotion. The predictions presented here are 
just that, predictions, and should not be taken out of that context. These predictions are based 
on hypotheses and trends in modern times, and data predicted by this model. Personal 
judgments cannot be avoided in these kinds of hypothetical predictions, as there is a necessity 
to make inference from information when making predictions. 
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Recommendations for Future Projects 
Whenever researching a topic, it is vital to maintain a focus, balanced with a breadth. Within 
the focus of a project, there are always topics on the wayside, which certainly have relevance to 
the topic at hand, but cannot be fit into the breadth of the research. This paper is no exception. 
This paper examined principally the effects of carbon dioxide on the environment, including 
effects on pH and temperature. Methane was also modeled, although simulations did not offer 
any changes to the methane inputs. Research outlined many aspects of climate change which 
hinge upon carbon dioxide and greenhouse gas concentrations, and also outlined some of the 
possible outcomes from shifting the system. The model also focused on mineral carbon 
sequestration and biodiesel as possible solutions to the problem of increasing carbon dioxide 
concentrations.  
Certainly there is room to expand the climate model itself, factoring in greater depth the 
effects of other trace gases within the atmosphere. This study outlined the possible feedback 
effects associated with climate change—it would also be interesting to expand this study to 
include these effects. The radiative forcing is adapted from empirical relations, and it would be 
beneficial to implement a more dynamic model of the flow of heat throughout the earth system. 
The pH model is also fairly rudimentary, and could be expanded to include flow throughout the 
ocean systems. pH is also dependent on temperature factors, which would be a nice feature to 
incorporate into the model. The paper outlined many aspects of plants and ecology, giving an 
insight into the potential for increased carbon dioxide to alter the biosphere. Implementation of 
ecological change would extend this model even further. In the same line of thought, data about 
crop yields was presented which can be correlated to increased CO2 and temperature. The 
model could be adapted to incorporate such information and predict changes in crop yield. This 
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study was aimed at outlining the potential benefits of certain strategies at curbing the changes 
associated with carbon dioxide concentrations, focusing chiefly on mineral carbonation and 
biodiesel. Certainly these two solutions are not the only solutions proposed to the problems at 
hand. Research into electric car technology and trends into electric car use, for example, could 
be implemented into the model. Implementation of data relating to alternative energy sources, 
perhaps even such prospects as fusion power would extend the utility of this model as well. 
There are certainly an infinite number of ways to increase the complexity of this model, 
highlighting its versatility in these kinds of calculations. 
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ii. Matlab Code (adapted from Griffiths et al.) 
carbon.m 
function yt=carbon(t,y) 
% calculates the time derivatives of the seven reservoirs 
% 
 
% Model dependent variables 
  cla=y(1); 
  cua=y(2); 
  csb=y(3); 
  clb=y(4); 
  cul=y(5); 
  cdl=y(6); 
  cmb=y(7); 
% 
% ODEs 
 
% load the rate from the CO2_rate function 
 
  [c1,r1]=CO2_rate(t); 
 
% Calculate the mixing amongst the layers 
 
  dcla=     1/5*(cua-cla)+... 
            1/1*(csb-cla)+... 
          1/100*(clb-cla)+... 
           1/30*(cul-cla)+... 
          c1*exp(r1*(t-1850)); 
  dcua=     1/5*(cla-cua); 
  dcsb=     1/1*(cla-csb); 
  dclb=   1/100*(cla-clb); 
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  dcul=    1/30*(cla-cul)+... 
          1/100*(cdl-cul)+... 
           1/10*(cmb-cul); 
  dcdl=  1/1000*(cul-cdl); 
  dcmb=    1/10*(cul-cmb); 
% 
% Derivatives are put in the yt vector 
  yt(1)=dcla; 
  yt(2)=dcua; 
  yt(3)=dcsb; 
  yt(4)=dclb; 
  yt(5)=dcul; 
  yt(6)=dcdl; 
  yt(7)=dcmb; 
  yt=yt'; 
methane.m 
function ym = methane(t, y) 
 
%Generate the atmospheric ppm of methane 
%   methane is released into the atmosphere by some 
%   rate as seen in the previous researches. This 
%   model will provide a rate of relase into the lower 
%   atmosphere and disperse into the upper atm and 
%   the ocean. 
 
%The rate is given as the ppb emission per decade, 
%becasue the program work with decdal increments. 
%This rate is solved for to give the ppb level of 
%2007 as a base point. 
 
    m_c1 = 8.0e-3; 
    rate=0.012; 
 
% Model dependent variables 
  m_la=y(1); 
  m_ml=y(2); 
  m_do=y(3); 
 
% the equations below represent the lower atmosphere layer, mixed 
atmospheric layer and deep ocean layer. 
% Only three reservoirs are significant to this model. 
dm_la=  1/30*(m_ml-m_la)+... 
        m_c1*exp(rate*(t-1850)); 
dm_ml=  1/1000*(m_la - m_ml); 
dm_do=  1/1000*(m_ml - m_do); 
 
% Derivative vector 
ym(1)=dm_la; 
ym(2)=dm_ml; 
ym(3)=dm_do; 
ym = ym'; 
pH_calc.m 
% calculates pH of ocean based on pressure of co2 
% co2 given in ppm, t in year 
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  function [pH]=pH_calc(co2) 
    format long; 
 
    % equilibrium constants for different acid/base rxns 
    ka1 = 2.5e-4; 
    ka2 = 4.30e-7; 
    kH = 29.76;     % henry's constant in atm/M 
    % convert CO2 ppm to mol/L 
    pCO2 = co2 * 1e-6; 
    kB = 5.9e-6;    % biological carbonate concentration effect 
    % calculate H+ ion concentration. 
    h =  kB*(1e-14 + ((ka1*ka1) / (kH*ka2)) * pCO2)^(1/2); 
 
    pH = -log10(h); 
 
  end 
forcing_calc.m 
%function returns the co2 forcing, ch4 forcing, and temperature change 
function [forcing,temp] = forcing_calc(co2,ch4) 
% const containing the co2 at 1850 for the radiative forcing equation 
  co20 = 278; 
% const containing the initial ch4 val for rad forcing equation 
  ch40 = 700; 
% const containing the nitric oxide initial val for radiative forcing 
  no0 = 270; 
 
%   calculate radiative forcing for each concentration 
    f_CO2 = 4.841*log(co2/co20)+ ... 
                0.0906*(sqrt(co2) - sqrt(co20)); 
%   calculate the forcing for methane 
    f_CH4 = 0.036*( sqrt(ch4) - sqrt(ch40) ) - ... 
                (f(ch4,no0) - f(ch40,no0)); 
 
    forcing = f_CO2+f_CH4; 
%   calculate the temperature correlated to each forcing. 
%   returns difference in K since 1850. 
    temp = 0.329*(forcing); 
 
 
 
%this function is defined for the sake of brevity for the methane 
radiative forcing term 
function n = f(A, B) 
n = 0.47*log(1+(2.01E-5)*(A*B)^(0.75)+(5.31E-15)*A*(A*B)^(1.52)); 
main.m 
clc; 
 
format long; 
 
% Initial condition for co2 
  y0=zeros(1,7); 
% initialize methane 
  y1 = zeros(1,3); 
% variable to contain the pH 
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  pH = 0.0000000; 
 
% base year of model 
  t0=1850; 
% final year of the model 
  tf=2200; 
% define range of time for the model 
  tout=[t0:10:tf]'; 
% number of iterations to be made by simulation 
  nout=(tf-t0)/10; 
% counter of model call, used for debugging 
  ncall=0; 
 
 
% Sets parameters for the diffeq integration 
  reltol=1.0e-06; abstol=1.0e-06; 
  options=odeset('RelTol',reltol,'AbsTol',abstol); 
% set up the differential equations for the models 
  [t,y_c]=ode45 (@carbon,tout,y0,options); 
  [t,y_ch4]=ode45 (@methane,tout,y1,options); 
% 
%display output 
% 
    fprintf('\n Year\t CO2_ppm \t  r1 CH4 (ppb)\t\t pH \t forcing \t 
temp') 
    % loop through each decade iteration 
  for it=1:nout 
    % set the "present" time in the simulation 
    t = t0+10*(it-1); 
    % Calculate the emission rate and constant for the carbon model 
    [c1,r1]=CO2_rate(t); 
% 
%   CO2 ppm (in lower atmosphere) 
    co2_con(it) = 280*(1+y_c(it,1)); 
 
%   CH4 ppm in lower atmosphere 
    ch4_con(it) = 813*(1+y_ch4(it,1)); 
 
    pH(it) = pH_calc(co2_con(it)); 
 
    [forcing(it),temp(it)] = forcing_calc(co2_con(it),ch4_con(it)); 
% 
%   Selected output 
    fprintf('\n%5.0f%10.4f%10.4f%10.4f%10.4f%10.4f%10.4f',... 
              t,co2_con(it), r1, ch4_con(it), pH(it), forcing(it), 
temp(it) ); 
    end 
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iii. Carbon Dioxide Flux Variable Definitions (Griffiths et al.) 
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